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ABSTRACT 
'rhc ()?I><; is ;I coinpiit t-r  program dr.vclopcvi t o  p c r r o r m  a q u a s i - t h r e e -  
dimcJn.r ional  sLress n n i l l y s l s  For c o m p o s i t e  laminates w h i c h  may c o n t a i n  
d c l a i n l n a t  I o n s .  Tiit* l a m i n a t e s  may b(t s u b j e c t e d  to  m e c h a n i c a l ,  t h e r m a l  a n d  
I i y g r o s c o p l c  loads.  Thr prograin w e s  thti  F i n i t e  e l c m e n t  method a n d  m o d e l s  t h e  
l a m i n i a t c s  w i t h  ( s igh t -noded  p a r a b o l i c  L s o p a r a m e t r i c  e l e m e n t s .  The p r o g r a m  
c o m p u t e s  t h e  s t r a  i n - c n c r g y - r e l e a s e  c o m p o n e n t s  a n d  t h e  t o t a l  s t r a in -ene rgy  
r ~ l c * a s ~  i n  n l  1 L h r c w a  rnoclcbs f o r  d e l n m i n s t  Lon g r o w t h .  A r e c t a n g u l a r  mesh and 
c i a t ; i  P I  I ( *  );(biit*r.itor, DATCKN, is  incli idivl .  The IIATGEN p r o g r a m  can be e x e c t r t e d  
in t ( - r< ic : t  ivcbiy and  is iwcr r r i c . n d l y .  T h c a  d o c u m e n t a t  i o n  i n c l u d e s  s e c t i o n s  
t l ~ . i I  in);  w i t h  t h t b  031) a n a l y s i s  t h o o r y ,  d c r i v n t i o n  of  e l c m c n t  s t i f f n e s s  matrices 
a n d  c-ons ls tc .n t  10.d vahcLors l o r  thc p ~ i r a b o l  i c  e l c m c n t .  S e v e r a l  s a m p l e  
problc.rns w i l l 1  ~ l i 1 1  inpr i t  fo r  Q3DC and o u t p u t  from t h e  p r o g r a m  ace i n c l u d e d .  
'I'hi~ c a p a b i  I i t i cs  of  t i i c b  DA'I'GKN 1)ra):r;tm are  l l l t i s t r a t r ~ d  w i t h  e x a m p l e s  of 
i n L ( h r n c t i v c  s c ' s s i o n s .  A mLcrof I c h r  c o n t a i n i n g  a1 1 t h e  examples p r e s e n t e d  i n  
t h i s  r e p o r t  is incliidcbd w l t h  thch d o c i i m c n t a t i o n .  The Q3DG a n d  DATGEN pro!:ram 
I i i lvab  I x v a i i  iinp1a~mciiLa~d on CYHI:K I 7 0  c lass  c o m p u t e r s .  Q3DC and DATGEN w c w  
C ~ I * V C -  I o p ~ v i  .II t l i t ,  l..inj!lt~y K ( b s c b , i r c h  Cc-ntclr d u r i n g  t h c  e a r l y  r2 ightLes  a n d  docu-  
I I M * I l I  I l l  1 ' ) W I  -108'). 
i i i  
. 
I NTKODUCT CON 
B e c a u s e  o f  t h e i r  h i g h  s t r e n g t h - t o - w e i g h t  r a t i o s ,  c o m p o s i t e  materials a re  
b e i n g  e x t e n s i v e l y  usrld i n  at’rospact’, m e c h a n i c a l  a n d  a u t o m o t i v e  structures.  
As t h e s e  mater ia l s  arc‘ hrlnj: considcrc.t i  fo r  h e a v i l y  loaded p r i m a r y  a i r c r a f t  
striictiir(.s, lncrt*;isl*d a t t v n t  i o n  is btl in):  f o c u s e d  on u n d e r s t a n d i n g  a n d  charac- 
t t ~ r i z i n g  compos1 t o  t l ~ ~ l n m i n n t  t o n .  Ihxlaminat ions may r r b s u l t  Erom l o w - v e l o c i t y  
ImpiicL, c c c e n t r i c i  t i l - s  i n  load p a t h s  tha t  induct. o u t - o f - p l a n e  l o a d s ,  o r  
~ I i s ~ * o n t l n i i i  t i t v i  i n  lhta s l  rtic-tiirc. wh ich  crtantt! o u t - o f - p l a n e  s t resses .  
i:riic.t iirt’ i n t ~ c - l i : i i i i  c ~ i  c.oncc.pts ; i p p I  i c b t l  11) c l t b l a m i  nntcld s t r i i c t i i r a l  c o m p o n e n t s  
w ( * r t *  f o u n d  to b(b i i s t ~ f i t i  i ti u n d c ~ r s t ; i n d i n ~ ;  . ~ n d  c h n r a c t f A r i x i n g  d e l a m i n a t i o n s .  
S t r ; i l n - c i i c r ~ ~ y - - r ~ ~ l t ~ ; i s c ~  rater assocln~cvl  w i t h  d c l a m i n n t  i o n  g r o v t l i  were shown L o  
21. hcb i r s t * f i i l  1 1 1  p r t b d i r t i n j ;  the. o n s c t  o f  cvi}:c d r l a m i n a t i o n s  i n  c o m p o s i t e s  [ 1 
Whi I t ’  t h t *  t o l a 1  slr;iin-cti(’r}:y-rc.lc’.7~(’ r;itc>s c a n  he. c a l c t i l n t c ~ d  u s i n g  t h e  
c1assic:il lnmi nnt tv i  pl;act* Lhcory  (CLT), t h e  s e p a r a t i o n  o r  the  t o t a l  s t r a  
~ ~ i i c ~ r ~ : y - r C ~ l ~ ~ n s t ~  ratt’s L n t o  thcb t h r c v  componen t s  a s s o c i a t e d  w i t h  t h e  three 
or f r a c t . i i r e  c a n n o t  ht. accompl t s h c d  using t h e  CLT a p p r o a c h .  To ca l cu la t e  
; i n ; i l y s l s  i i i  c o n j u n c t  Ion w i t h  1 i n e a r  f r a c t u r e  m e c h a n i c s  c o n c e p t s  and f i n i t e  
cblcvncbnc inc.1 hods.  Thti pro};rain c n l c i i l n t c ~ s  GT3 GI a n d  GT t h e  s t r a i n - e n e r g y -  
r i b l t * . i s t *  r.tt 4. c-oinpoiit~iits t l i i t .  t o  t l i t .  three* f r ac t t i r cb  modes,  a n d  t h e  t o t a l  s t r a i n  - 
i ~ i ~ ~ ~ r ) ! y - r t ~ l t ~ . i ! ; ~ ~  r:ii 4 1  (: f o r  d(~lnmi t i ; i l  ion 1:rowth i n  c o m p o s i t e  l amina tes .  The  
program can a l s o  be used :is :I Q31) s t r e s s  
w i tho  11 t d e  1 ami na t i o ns . 
a i in lys l s  too l  f o r  Ic imfnnt i is  w f t l i  o r  
a t  a n y  x = constant  plane ;ire assumc*d t o  hc. ):Ivc-n by (rc.Ts. 4 - 3 )  
u(x ,  y ,  z )  = cox + U ( y ,  z )  
v ( x ,  y ,  z )  = V(y, z )  
w(x,’y,  z )  = W ( y ,  z )  
The Eo term is the uniform a x i a l  s t r a i n  a n d  I f ,  V ,  and W :lr-(* f i i r i c t  
of y and z alone. Equation ( I )  descrLbcs “quasi-thrc.c-dimtInsioi ia  
c 
oris 
11 
( Q 3 D )  problem. The modif ier  “quasi”  is u s e d  hccarisc? t h e r e  arc. d lsp lacc~mcnt -s  
2 
i r i  t 1 i r t - t .  fiIrt.c*t I o i i : : ,  h i t  I I I I *  j;r. ialic~iit~; o f  i l ,  V ,  a n d  W w i t h  r#*sppCt t o  t h e  
x-coord  I wit I *  .iri* zdbro. 
Becnuse o f  t h e  s y m m r t r i e s  i n h c r e n t  I n  t h e  l a y u p s  O F  t h e  f i b e r  reinforced 
c o m p o s i t e s ,  t h e  d i s p l a c e m e n t  f u n c t i o n s  U, V, and W s a t i s f y  t h e  following 
rt.qui r p m r n t s  [4-7). 
IJ(y,  7.1 = -U(-y, -z) 
V ( Y ,  z) = -V(-y,  z )  
W(y, z) = -w( y ,  - z )  
For mc.(.ti;iiiic;il Iondinj: ,  t t i i -  i i n i f o r m  ax131 s t r a i n  E, i n  e q u a t i o n  ( I )  is 
ript‘ci r 1 t - d .  For I l i t * r m . > l  . i i i c l  I i y j ~ r o s c o p i c  1n:icis tht .  1aiqin; i tc  I!; subjected t o  
Lc~mpt~raLitrc* c i i i i l  int)lsLurc- ( - l i ~ i t i } ! i * s ,  AT and Mi, rrbspect i v e l y .  For t h e s e  cases 
til11 mn):nItitrlc* o f  c,, iii c q i i n t l o n  ( I )  i s  unknown and  i s  d r t t ~ r m i n r d  as a p a r t  
of  thcb s o l u t l n n  ( S C P  r c A f .  9,  IO). 
Tn t h c  Q31) niinlyscbs, ~ a c h  p l y  i s  ldcal I z c d  as a h o m o p n o u s ,  e l a s t i c  
o r t h o t r o p i c  mater ia l .  The material p r o p e r t t c s  o f  e a c h  p l y  are  d e f i n e d  by 
Young’s m o t f u l  I I ( E I  E22, E 3 3 ) ,  shear m o d u l i i  ( G I ~ ,  G13,  G ? . j ) ,  Poisson’s 
r n t i o s  ( u I 2 ,  w l 3 ,  u ~ ~ ) ,  and t h e  p l y  F[ber a n g l e  ( 6 ) .  Tn a d d i t i o n ,  t h e  expan-  
s i o n  c o ( ~ f I - i c l t ~ n t s  for tlwrmal and hyj : roscopic  loadings, al, a2, and a3 
. I I ~ I ~  li2. ;itid p-), r t * s I x ~ c t i v ( ~ l y ,  :ire' ncbcvled. The s u b s c r i p t s ,  1 ,  2 ,  and  3 
o i i  I 1 1 1 .  v . i r  i o ~ i t ;  ~ ~ I I ; I I ~ L  I t i 1’s I I s L t v I  ;ibovch corrcsponti t o  t h e  1 on’gi tud i nal , t r a n s -  
v e r w ’ ,  and  thic*kticBss d l  rc’ct t o n s ,  r c s p X c t i v e Z y ,  o f  R z e r o - d e g r e e  p l y .  
F l n l  t c b  ElcmrAnt A n a l y s i s  
Becnitsc o r  t l i c h  s y m i n c ~ t r I ( ~ s  lii tho p r o b l e m ,  o n l y  o n e  q i t a d r a n t  o f  t h e  
x = ( - o n s t a n t  p lan t .  Is idfbnl I z d .  T h i s  q u a d r a n t  (0 < y r; b and 0 < z < t) is  
shown LIS t h r b  shncltvl rt*l<lon i n  f i g .  I ( b ) .  The n n ; i l y s [ s  region is modeled  by 
made much F i n c r  iienr thr-  d c I ; ~ m I n ; i ~  Ion  t Ip .  h I ) ’ p i c i l l  f i n1  I t *  i * l t - m i * i i l  I d t * * i l  - 
i z a t i o n  i n v o l v i n g  367 n o d e s  and  102 i , lc~meii ls  Is shown In  f l ) : .  7. Ihit- t o  
symmetry t h e  d i s p l a c e m e n t  F i i n c t l o n s ,  U and V ,  art’ p r c ~ s c r l l w d  z(1r-o a t  a 1  1 
n o d e s  on t h e  y = 0 l i n e ,  and t h e  d I sp lac rmc .n t  f i i n c t  ion W Is prc~sc r lhc1d  xc3r-o 
on the z = 0 l i n c .  
T h e  d e r i v a t i o n  O F  st  i F F n c s s  m a l  r i c c s  :ind tlw mvchanic: i l ,  thcBrm;il a n d  
hygroscopic  l o a d  v e c t o r s  nccdcd  f o r  t h e  f i n 1  t v  i>l(Bmcnt n n n l y s i s  Is d t ~ s c r l h c ~ t l  
i n  A p p e n d i x  A. 
S t r ~ i n - l r n c ~ r ~ : y - R ~ ~ l i . : i s r .  H a t  i b s  
Mode I (opt.ni 11): mod(-), mod(. I I ( s  1 i t i  i t i ) :  modi.), m o t l t s  1 1 1 ( I r I t i ) :  i n o r l t b )  
c o m p o n e n t s  a n d  t h e  t o t a l  strain-cnc’r}~y-rt.1c.asc. r n t c s  f o r  d c ~ l a m l n n t  i o n  t : rowt 1 1  
are c a l c u l a t e d  by a v i r t u a l  crack e x t e n s i o n  tcBchnlqrie s i m l l . i r  t o  t h a t  r e p o r t e d  
i n  ref .  12 .  T h i s  t e c h n i q u e  I I S ~ S  tht. n o d a l  Forctbs t r n n s m l t t c d  a t  and  n v a r  [h i .  
d e l a m i n a t i o n  t i p  and t h c a  r e l i i t i v c  d i S p l a r r m t . n t s  j u s t  h c h l n d  thc.  d i ~ l a m l n a t i o n  
t i p  t o  d e t e r m i n e  t h e  s t r ~ i n - c n t . r ! : y - r r l c a s e  ra1t.s;. Tht. nodos  .at w h i c h  t h r  
€orces  a n d  r e l a t i v e  d i s p l a c e m e n t s  a r e  evn1ii;ltcvl arc1 shown In f i r ( .  ‘ I .  Thc  
s t r a i n - e n e r g y - r e l e a s e  rates arc’ compiitc>rl as  shown b i b l o w :  
G I  = IF, (W, -- W k )  C I: ( W  - W ) ] / ( ? A )  z . I 1  in 
i I 
4 
‘l‘hcb forvcbs F x  , I: , and 1; , arc* t h v  r o r w s  i n  x-, y-, a n d  
z - d i r e c t i o n s ,  r + * s p e c t i v r * l y ,  a c t i n g  a t  node  i .  The f o r c e s  a t  node i ,  shown 
z 
I Y i  i 
Ln Fig. 3 ,  are  computed  from t h e  e l e m e n t s  A a n d  R w h i l e  the forces a t  node 
j a r c  computed  from Cltsment A a l o n e .  T h i s  p r o c c d u r e  For c o m p u t i n g  the 
fo~inr l  t o  I>(. t h e  opt imum s i z c  a n d ,  hcncc?, an a r r i i n g c m e n t  of t h e  t y p e  shown i n  
f tg. 7 is recommc~nded. 
The progr;iin I r s t  c o m p u t e s  t l w  forces  a n d  d i s p l a c e m e n t s  i n d i v i d u a l . l y  
lor  ;I m e c h a n i c a l  s t r a i n  OF one m i c r o  i n / i n  (m/m) ,  a t e m p e r a t u r e  c h a n g e  of 
+l o p  ( O K ) ,  ant1 n m o i s t u r e  change. of  one p e r c e n t .  T h e n ,  t h e  p r o g r a m  c o m p u t e s  
~ ‘ h c  a p p r o p r i n t e  r o r c w  a n d  d i s p l n c c m c n t s  f o r  t h e  g i v e n  i n p u t  v a l u e s  of mechan- 
i c a l  s t r a i n  iincl tc>inpc*r;ittire and  m o i s t u r e  chang:c.s a n d  tises the forces  and  dis- 
I . Mcchaii i C R  I 1 oad i ng  act  I n g  n l  o n e .  
2. Tiit. rmn I 1 ond i 11): ac  t i iig .a 1 onc . 
7. IlygroscopIc l o n d l n g  a c t i n } :  a l o n e .  
4 .  M e c h a n i c a l  ,ind t h e r m a l  loading a c t i n g  t o g e t h e r .  
Ti. M(.ch;iiiical and IiygroscopIc l o a d i n g  a c t i n g  t o g e t h e r .  
0 .  TIi1~rm:il . i i i t l  Iiy,:ro?icopic loadin) :  a c t i n g  t o s , e t h e r .  
1. M(*c*hnii l ( . : i I  , thcbrm;il , nncl hyj!roscopic  loadin!: a c t i n %  t o g c t h c r .  
5 
on CDC C Y H I ' R  170 c l a s s  c o m p u t e r s .  T h e  c i i r r e n t  maximiim '31 I o w i i b l ( ~  v n l ~ l ( b s  o f  
ma-jor a r r a y s  a re  g i v e n  i n  Appt.ndjx B. 
T h e  program usps n s c r a t c h  u i i l t ,  Tn1w I O ,  for st.orii}:c- or t h i b  c l c m p n t  
s t i F F n e s s  m a t r i c e s  and  c o n s i s t e n t  load v(JcLors  whc-ti t h e y  art '  T I r . ; L  co tnputcd .  
T h i s  i n f o r m a t i o n  I s  l a t e r  used  t o  c h e c k  t h e  c l r m c r i t  and  f:lOhiIl r q i i i  I l h r l r im 
c o n d i t i o n s .  A s c r a t c h  u n i t  is u s e d  s l n c c  t l i e  rc-coinpiitat i o n  o f  olcwor i t  s t  I f f - -  
n e s s e s  a n d  l o a d  v e c t o r s  is moria tlmc-consiirnlii): t 1i;iii rc. ; i t l inj:  T r o t n  1111. *;cr, i t  c . 1 1  
u n i  t .  
The  p r o g r a m  uses a n  i n - c o r e  c q i i a t  t o n  s o l  vcbr.  I l t ~ n c c ~  t h c ~  t n ; t x l i n i i m  .,izo o r  
t h e  f i n i t e  e l e m e n t  model is 1 i m i t e d  by tht .  m e m o r y  of thc. coinpiiL(.r t w i n j ;  Iisod. 
Most oF t h e  core is r e q u i r e d  t o  h o l d  t h e  g l o b a l  s t i f f n e s s  m a t r i x ,  R I G K .  ' T t i ( b  
a r r a y  R I G K  is d l m e n s i o n e d  (75,1110), w h i c h  p t ' r m t t s  I I I O  dej<rcc>s o f  f r w d o m  
(370 n o d e s )  a n d  a b a n d w i d t h  O F  75. 
T h e  q3DC prograin c a n  h e  e a s i l y  m o d i f i e d  u s l n g  a tcAxt t v l i t o r  to change. a n y  
O F  t h e  prohLem d i m e n s i o n s .  The r e q u i r e d  c h a n g c s  arc' g t v c n  h c l o w :  
11 1) Change t h e  s t r i n g  " 7 5 , l l  I O  'I t o  'I x x , y y y  evcrywlitbrc., whr.rc. xx , ~ n d  
yyy a re  t h e  new number of rows and  col i i inns,  r c b s p c * c t i v r l y ,  o f  L h t b  , i r ray I 3 I C K .  
2 )  Change t h e  s t r i n g  (83250) t o  "zzz" cvc.rywhc.rc., whtlrc. Z Z L  I.; t h t a  
p r o d u c t  of xx a n d  yyy. 
3 )  Change  t h e  s t r i n g  " ( 1 1 1 0 , 3 ) "  t o  " ( y y y , 3 ) "  c v v r y w h ~ . r c ~ ,  whtBrc: yyy is  
t h e  number o€  columns i n  t h e  a r r a y  BIGK. 
4 )  Change t h e  s t r i n g  "X(400, 21, NOO(200, 8 ) "  to  "X(nan, ? I l  NOD( b b h ,  8) ' '  
e v e r y w h e r e ,  w h e r e  a a a  is t h e  maximum number o f  n o d c s  <ind bhb I s  thr. rnnxlmum 
number O E  elements. 
5) Change t h e  s t r i n g  0(400)'1 t o  "(aaa)" e v e r y w h e r e ,  wherv  ana is, a g a l n ,  
the maximum number of: n o d e s .  
L 
0 
6 )  Chnngc' tht- s t r ink;  " ( 2 0 0 ) "  to  "(bbh)" e v e r y w h e r e ,  w h e r e  bbb, is ,  
a g a i n ,  thc  mnxirn i im number o f  ~ l e r n t ~ n t s .  
7 )  Ciian);t. Lht. I)ATA I ,X,  . . . card w h i c h  is tht. 51st  l i n e  i n  the s o u r c e  
c o d c .  Thcx I nLthgt*rs, L X ,  [,NOD, I.L[ST, IALI), arc? computed as follows: 
1.x = aaa * 2 
LNOD = bbb * 8 
1.1.1 s'c = 200 
LOi,D = naa 
8 )  Chan):ca t l i c b  d i  tnvi i s  101is o f  t h t -  a r r a y s  NDUM, NDUI), and XDUM in 
subprogram ADJUST to Lhc f o l l o w i n g :  
N W M (  bbb,8), NDUD( bbb) 
XI)UM( m a ,  2 )  
and chililgca L h c b  I ~ ~ U I V ; ~ ~ C I I C C ~  s t r i n g  'I, ( B I G K  ( I h O l ) ,  NDUD ( 1 ) ) "  t o  'I, ( B I G K  
(bbb*8+ 1 ), NI)UI> ( 1 ) ) ' I .  
9 )  Chanl:tb Lhc st-ring "I)( 1 I l O ) " ,  the working  s t o r a g e  fo r  t h e  bartd- 
s o l v e r ,  i II subprogram ASEMBL,  to "D(yyy)".  
I O )  Chnngt' rour 1 f n r s  i n  subprogram FORCES as  F 01 1 o w s .  
I)lMI.;NSLON IWKCll (nnn,3 ,7) ,  SP(n;in, 6 ,  I O ) ,  N l ) ( a a a , I O )  
I'C)U I V A I , K N C I ~  (ti [(:K( I ) , E'OHCII ( I , 1 , 1 ) ) , ( B  I C K  (9*aan+ 1 ) , SP( I ,  1 , I  ) ) , 
7 
I ’  
I .  NGAUSS i n  t h c h  RI.OCK DATA subprogr.iin ( r t i r r t -n t l  y i I rc’ads 
DATA NGAUSS 131 
change 3 t o  n ,  where II is the order  O F  intcly,ratton dcs l r ed  (2 < 11 < 8 ) .  
2. I f  t h e  order  of Lntegratton 11 t s  chosrii t o  b11 j;r(B:iLt’r than 3 ,  
change the dimensions o f  a r ray  PDEK everywlic.rt. I n  L I N -  proj;t i in t o  ( n * n * 2 , 8 ) .  
Current dimension of a r r a y  PIXR ;it-(? (18 ,H) .  A l . i o  i i o t t *  1 I i . i I  I hi. rirrriy I ’ l ) l ~ H  I ! ;  
the  COMMON block CDER. 
PROGRAM OKGAN 1 Z A T  I O N  
I n  t h i s  s ec t ion  the €low of Q3DG is descr thcd .  Rricif d ( ~ s c r l p t t o n s  or thc  
subprograms and major prograin va r i ab le s  arc! prescnttvl I n  Appcnd i x R .  
Fig .  4 presents  t h e  Elow cliart  of  the  program. Most o f  t h c  i n p u t  Is rvad 
i n  t he  main program Q 3 D G ,  which c a l l s  5 main siihprograrns. Subprogr:tin MOl)UIJtlS 
gcne ra t c s  the modulus mat r icc!~  and t h e t r  th(irm;il and hygroscopic s t r a i n  
vi$ctc>rs f o r  a l l  the m:it(:ri;tls. Subprogr;iin CIA) c:~lciil;itc*s 1 . 1 ~ 1  voorcl i I ~ ; I I ~ ( * ~  o f  
the  Inidsi.de nodes ( i f  thesc? ;art! unspec i  f i c b i l ) ,  rcb:itls 1,ouncl;iry cioridi t Ions i 1 1 i r 1  
c r e a t e s  the  boundary coridi t inn arr i iy ,  LIST. Snbproj:r:iin AI).IIJST rc.ordc.rs t h t .  
coord ina te  array and the nodal connec t iv i ty  a r r ay  nccorciln!: t o  t Ii(: rc~i iumb~~ring 
scheme i n p u t  by the user .  Subprogram ASKMRL cal Is the  re levant  rout- i litis t o  
eva lua te  the s t i f € n e s s  matr ices  and load vec tors  and n s s c m b l v s  the  global  
s t i f fnes s  matrix. Subprogram FORCES ctwcks (!qui 1 Ibr  L u m  ; i t  t lw c.lcmchiit and 
g loba l  l e v e l s ,  c a l c u l a t e s  thc nodal s t r e s s c s  and cnl I s  t h e  G-csl culnt  l o n  
rou t ines .  The funct ions of the siibprogriiins cal  Ird by ASIIMHI. and IWKCKS art’  
explained i n  Appendix R. 
I NPIJT DATA 
The r equ i r ed  input d a t a  is descr ibed i n  t h i s  s e c t i o n .  The d a t a  can be 
c r e a t e d  on a File,  LFN, equated t a  T A P E 5 .  An a l t e r n a t e  method of c r e a t i n g  
the  input  F i l e  is t o  use 
Appendix E. 
3 I 1-  Ti 
6- I O  
11-15 
16-20 
4 * 1-10 
11-15 
16-20 
56-60 
t he  ,data gr i ie ra t ion  program DATGEN desc r ibed  i n  
FORMAT 
20A4 
A 8  
1 5  
I 5 
IT' 
[ 5  
F10.5 
25 
I5 
I5 
TITLE T I T L E  OE problem 
POUT Out p u t  o p t  i on. SHORT-- 
f o r  s h o r t  ou tpu t .  XLONG-- 
for long oiitprit. 
N P 0 1 N  'I'otnl nuinber of nodes 
NI'I.EM Niimhcbr o f  Elements 
NFREI: Number o f  degrees  of  
Freedom p e r  node = 3 
NNOIII; Number oE Nodes p e r  
e l c m ~ n t  = 8 
Y 1  Coordinate  
.JCORD(l) Node numbers wi th  t h i s  
JCORD( 2 )  c o o r d i n a t e  i n  columns 
11 through 60. 
.JCORD( l o )  
2 s e t s  O F  ca rds  oE t h i s  
Format, w i th  each s e t  
terminated by a z e r o  ( o r  
blanks i n  c o l s .  11-15). 
F i r s t  se t  is y-coordi- 
na tes ;  second se t  is  
x-coordinates.  
spvr iF1t .d .  End y-coordinates with a blank 
I n p i i t '  u n t i  I a 1  1 z - c o o r d i n ; i t ~ ~ s  arv spcc i  F t e d .  End z-coordinates  witrh a blank 
c ; i rd .  
5 NL.:I.I'M I -  5 15 I E l  eme n t numbt r 
6- I O  15 N O D ( T ,  1 )  Element c o n n e c t i v i t y  
I 1-15 L5 N O I ) ( I , l )  s t a r t i n g  a t  a n y  co rne r  
nodp i n  t he  c o i i n t e r  
clockwise d i  rec t  ion. 
[ 5 NOD( I ,  NNODE) 
One card  Cor each element 
hcncc, NtXEM ca rds .  
CARD NUMBER COLS FORMAT VAK I AB1.K 
6 1 1- 5 15 NMA'I' Numhnr or  ina t  c . r l n l s  
7 4 *NMAT 1-20 E20.7 EM(1,I) S p c c i f l c n t I o n  m a t r I x  Tor 
21-40 E20.7 E M ( 1 , 2 )  m a t p r I n l s .  
120.7 EM(NMAT, 16) 
Thi  R c a r d  occIrrs '4 t 1inc.s 
f o r  c b ; i c . h  inaL(>rf  31 (NMAT 
mater l a ]  s )  , contl4 I n 1 ng 4 
F l c l d s  p e r  card:  to ta l  o f  
16 e l c m c n L s  p c r  m a t e r t a l .  
8 t P 1 y-Ma t e a  r I R 1 cor t - 4 3  1 R t i on. 
.One card p a r  p l y .  
1- 5 t 5  N I: Numhc-r 01' [ I  rs t  clrlmt*nt 
6- 10 t 5  NI. Num1x.r or I ~ H I  c - l t * i n t * i i t  
I n  p l y  
11-15 I5 N I  L n c rt:mc. 11 t 
16-20 15 MR Ma t e r i R 1 11 u inb.. r 
e .g. 1 7 2 K DefLnes e l e m e n t s  1, 3 ,  5,  
7 t o  b e l o n g  t o  t h e  
t R e p e a t  u n t i l  a l l  elements are deFCned.  T ( * r m i n a t e  t h i s  sct or  c a r d s  
w i t h  a zero (or b l a n k s )  f n  cnls. 1-5. 
9 1 1- 5 15 
15 
NI'LY Nuinber o f  p l  i rs  I n  
t h e  l s r n i n a t r -  
I R H S  Number O F  load I ng  
c o n d i t i n n s  ( s v c  card I O ) .  
W [ DTH W i d t 11 o f  1 iiin I n;i t c- 
6-10 
1 1-2c7 F10.4 
10 I 
11 1 
1-20 
2 1-40 
4 1-60 
E20.7 
1'20.7 
E20.7 
1- 5 
6-10 
15 
I5 
LEN( 1)  
LEM( 2 )  
E l e m e n t s  u s e d  In  t h e  G- 
c a l c i i l ; a t l o n  (clcments A & R 
shown i n  F i g .  3 . )  
44 For the mod4.l shown i n  F€g. 5. e.g. 
12 1 1- 5 
h - 1 0  
NGF( 1 )  
NGF( 2 )  
15 
7 5  
Nodes a t  w h i c h  rorccs  a rc  
e v a l u a t e d  arid u s e d  Ln t h e  C- 
ca lcu la t ion  ( n o d e s  i ,  j i n  
Fig. 3 a n d  i n  t h a t  order.)  
e.g .  205 196 For  t h e  model shown I n  f i g .  5 
10 
13 1 1- 5 15 NGD(1)  Nodes a t  w h i c h  re la t ive  d i s -  
6-10 I5 NCD(2) p l a c e m e n t  are e v a l u a t e d  and 
11-1 5 15  N G D ( 3 )  u s e d  i n  t h e  G - c a l c u l a t i o n  
16-20 I 5  NGD(4) ( n o d e s  k, 1, m, n i n  f i g .  3 and 
i n  t h i l t  order). 
e . ; ; .  226 227 216 217 For t h e  model shown i n  f i g .  5 
1 4 t I -  5 15 N N  Node Number 
6- I O  L5 N X  R e s t r a i n t  Gode i n  t h e  X- 
11-15 15 N Y  K c s ~ r n i n t .  code i n  t h e  Y- 
16-20 15 N% K c s t r a i n t :  c o d e  i n  t h e  Z- 
d i  r c c t i o n  
d i  rcc t  i o n  
d i r e c t i o n .  One c a r d  f o r  each 
node w i t h b o u n d a r y  concli  t i o n s .  
T e r m i n a t e  t h i s  set of cards  
w i t h  a zero ( o r  h l a n l t s )  i n  
co ls .  1-5. 
KcsLrnint Code: 0 is f ree  1 Is f i x e d  
_____________________l__l___ 2 
t l i epe i i t  u n t i l  a l  I b o u n d a r y  c o n d i t i o n s  are d e f i n e d .  
I 5  I I -  5 I5 I R E N U M  Kenumber ing  o p t i o n :  0 i f  
no  r e n u m b e r i n g  d e s i r e d ;  1 
i f r e n u m b e r i n g  scheme 
f o l  lows. 
Ih  * 1-81) 1615 .lNIIW(NPOIN) 
R c ~ i i u m l w r  i n g  scheme:  
nccbtlcd o n l y  i f  IKENUM n o t  
('4 u;i 1 to  zc  c o  
* N I ' O I N / I O  (rorinticd up t o  t h e  n e x t  ir1tch:t.r whcn n e c e s s a r y )  
S e c i a l  C a s e s  _E-- - -- - -- - -- - 
a )  D e l a m i n a t i o n  a t  m i l p l a n t .  (z = 0) 
When thc’ delamination is a t  t h v  m i d p l n n v  a n d  t l iv  I . i r n i i i a t ~ *  Is s y m m i ~ t r l c ,  
- __ - ___ - - __ - - - - - - - - - . - - - - - - - - - - - - - - - - - 
t h e  i n p u t  is s l i g h t l y  d i € f e r e n t .  
C a r d  sets 1-10 a n d  c a r d  sets 14-16 rc.innin unchanl:cbd. ‘rhv C-CillClllat i o n  
card s e t s  11-13 ncvd  t o  be i n p u t  s l t g h t l y  tliVfc.rcuntly. To c*xpl . i in  t h i s ,  roil- 
s i d e r  the modtaling nt’nr tht .  d p l n m i n n t i o n  ii.; shown In Ti!:. 5(1)). G r ( 1  . ; ( ’ I . ;  
11-13 w i l l  he as F o l l o w s :  
Card  set 11. 44 4 5 ElcmcJiit i i s c v l  i n  Lhe G - c a l c u l n t  Lon. 
Card s e t  12. 205 196 Nodes a t  w h i c h  t h c  Vorcc’s a r e  
e v a l u a t e d  a n d  i i s ~ d  i n  t h e  G- 
c a l c u l a t i o n s  
Card set  13. -227 2 2 7  -217 217 Noc1c.s a t  w h i c h  rc>l,itivcx displ: ictb 
m e n t s  arc. c v n  I I I I I ~  c.d ;ind i i v c ~ l  i n  
t h c  G-c.3 1 CII 1 .-it 1 011s. 
Note t h e  n e g a t i v e  s i g n s  o n  t h e  i n t e g e r s  N G D ( 1 )  a n d  NGI) ( 3 ) .  Tht. program rec- 
The p rogram c a n  be u s e d  t o  p e r f o r m  e d g e - s t r e s s  a n a l y s e s  v e r y  e a s i l y  f o r  
laminates  withori t  d e l a m i n a t i o n s  a n d  stress a n a l y s i s  a l o n e  ( w i t h o u t  
G-calculations) €or l a m i n a t e s  w i t h  d c l n m i n a t i o n s .  To exc*rclscl L h i s  o p t l o n ,  
s i m p l y  i n p u t  zeros i n  c a r d  sets 1 1 ,  12 ,  a n d  13 as shown below: 
Card s e t  11. 0 0 
12. 0 0 
13. 0 0 0 
11 11 
11 I 1  
Note t h a t  a l l  t h r e e  c a r d  sets 1 1 ,  12 a n d  13 m t i s t  i n p u t .  
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OUTPUT 
T h e  o u t p u t  OF t h e  Q 3 D G  P r o g r a m  Is p r e s e n t e d  i n  t h i s  sect ion.  Two ver- 
s i o n s  o f  o u t p u t ,  l o n g  a n d  s h o r t ,  are possible  w i t h  t h € s  program.  If t h e  u s e r  
e x e r c i s e s  t h e  l o n g  o u t p u t  o p t i o n  (XLONG o n  the s e c o n d  c a r d  i n  c o l u m n s  1-51, 
t h e n  t h e  F o l l o w i n g  o u t p u t  will he  o b t a i n e d .  (9nly t h e  g e n e r a l  d e s c r i p t i o n  of 
major o u t p u t  s e c t i o n s  l a  p r e s e n t e d . )  
* T l t l e  
* O u t p u t  o p t i o n  
*Program speci f icat  i o n s  
*Y-coord I n a t e s  a n d  c o r r e s p o n d i  ng node  numbers  
* Z - c o o r d l n a t e s  a n d  c o r r e s p o n d i n g  node numbers  
*Material S p e c i f t c a t i o n s :  Modulus m a t r i x ,  t h e r m a l  a n d  h y g r o s c o p i c  s t r a i n  
v e c t o r s  Tor a l l  materials used I n  t h e  model. 
* P l y - m a t e r L a l  c o r r e l a t i o n  
* C - c a l c u l - a t  i o n  v a r l a b l e s :  E l e m e n t s  a n d  n o d e s  t n v o l v e d  I n  the  G- 
c a l c i i l a t  i o n s .  
*Doundn r y  cond i t I o n s  
* R t ~ i i u m l w  r i ng o p t  i oils 
IClernent s t i f f n t . s s  m n t r t x  ( 2 4  x 2 4 )  a n d  c o n s t s t e n t  l o a d s  f o r  e l e m e n t  
number 1. 
Sum or Px, F and For a1 1 n o d e s  b e f o r e  and a f t e r  b o u n d a r y  
Y ’  
cond t t i oiis . 
*Degrees of f r c c a t l o m  and b a n d w i d t h :  Maximiim and c u r r e n t  v a l u e s .  
D t s p l a c e m e n t s  (U, V ,  a n d  W) a t  a l l  n o d e s  f o r  e a c h  of  t h e  l o a d i n g  
c o n d  I t ions.  
NodnI rorccBs .-if r i l  I nodcts f o r  i t i t )  c l c m e n t s  I n v o l v e d  i n  t h e  C - c a l c u l a t i o n .  
1 3  
I 
*Sum O F  F, Forces I n  t h e  model d u e  to e a c h  of  t h e  l o a d i n j :  c o n d i t i o n s .  
S t r a i n  cX r e q u i r e d  t o  s a t i s € y  C Fx = 0 For t h e r m a l  a n d  hy#ro-  
s c o p i c  l o a d i h g s .  
N o d a l  f o r c e s  a t  e a c h  O F  t h e  n o d e s  f o r  c*ach of  the. l o a d i n ) !  ( -ondl  t i o n s .  ( 1  f 
a l l  O F  t h e  noda l  Forces, F , I: ant! I: , ;Tt' n o t l t *  i ;ar(- 1 i -sq 
t h a n  1.OE-6, t h e n  t h e  Forces art' not  1 i s t c . d ) .  
I Y I  5 X 
A v e r a g e  n o d a l  stresses a t  e a c h  o f  t h e  n o d e s  i n  t l w  modi.1 t l r i t b  to  comh1nt.d 
l o a d i n g .  
A v e r a g e  n o d a l  stresses a t  e a c h  O F  t h e  nodt.s Ln (Inch m a l - ( > r i a l  duc~ t o  
combined l o a d i n g .  
* E q u i l i b r i u m  c h e c k s  €o r  e a c h  o f  t h e  l o a d l n g  c o n d i t i o n s .  ( I F x ,  CFy, IFZ, 
i I i 
i = 1, Nodef; i n  the model) .  
t * S t r a i n - e n e r g y - r e l e a s e  rate ca lc i i la t  t o n s  - 
Forces a n d  d l s p l a c e m e n t s  1nvolvf.d Ln thct G-ca lcc i ln t  inns for rBach o f  
t h e  l o a d i n g  c o n d i t i o n s .  
GI, G l 1 ,  G I I I  a n d  GT f o r  e a c h  O F  t h e  slr?vc:n p o s s i b l e  l o a d i n g  
combi n a  t i o n s .  
t*Surnmary o€ t h e  s t r a i n - e n e r g y - r e l e a s e  r a t e s  For t h e  s(*vc.n p o s s t b l e  
l o a d i n g  c o m b i n a t i o n s .  
E l e m e n t  e q u i l i b r i u m .  I f  a1 1 e l e m e n t s  sat Lsfy  e q u i  1 i h r i u m ,  I .e . ,  i f  
CF, = CFy = CF, < 1.OE-6 
"AI 1 e l e m e n t s  s a t i s € y  e q u i l i b r i i i m .  
Cor e a c h  e l e m e n t ,  t h e n  t h e  p r o g r a m  p r l n t s  
The  s o l u t i o n  may be correct ."  
IE some e l e m e n t s  do n o t  s a t l s f y  equi1 t b r i u m  t h e  progra in  p r l  n t s  a 
w a r n i n g  message t h a t  n numbers  o f  e l e m e n t s  d o  n o t  s a t i s f y  
e q u f l i b r i u m  a n d  lists t h e  n e l e m e n t  numbers .  
t T h e s e  items do n o t  a p p e a r  i n  t h e  o u t p u t  whvn o n l y  Q3D s t r e s s  a n i i l y s t s  is 
perEormed (i.e., when c a r d  sets 1 1 ,  1 2 ,  a n d  13 c o n t a i n  z e r o s ) .  
Only t h e  m t e r i c k  (*) items appear i n  t h e  o u t p u t  when t h e  user exercises 
t h e  s h o r t  o u t p u t  o p t i o n  (SHORT on the s e c o n d  card Ln columns 1 - 5 ) .  
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A P P E N D l X  A:  D E R I V A T t O N  OF STLVPNKSS M A r K r X  AND CONS [S'rlCN'r i.OAI) VECTORS 
This appendix presents the derivation o f  the st Iffncss i n i i l r i x  and the 
thermal load vector €or the eLght-noded r?icmcnt t1sc.d in the Q?D analysLs. The 
derivation of the hygroscopic vector is very similar e o  tli;it- o f  thr thermal 
vector and hence € s  omitted. Additional details on these d<br ivnt ions can bt. 
found in refs. 5, 9, and 10. 
A s  previously pointed out, the Q3D analys€s determines the dfsplacements, 
U, V, and W (eq. ( l ) ) ,  at each node Ln the finite element model. There- 
f o r e ,  the displacements at any €nterior polnt in the element, 
(u} = {U v W} (A-1) 
are interpolated by the standard shape functtons [ N ]  (KeF. 9 )  as 
where (6) is the vector o €  element nodal displacements (dimensioned ( 2 4 , 1 )  
f o r  the eight-noded element). The strains Ln the element a r e  obtained by 
diEferenttating eq. (A-2)  to obtain the following quation: 
where the column vector o €  the strains {E} I s  
Equatton (A -3 )  is partitioned as shown below:  
( A - 3 )  
(A-5)  
The strain-displacement relationship is part ittoned in this mannpr bocaiisc 
each element has a prescribed s t r a i n  of  E~ - E~ ( a c e  eq. (1) ) .  Thca 
16 
r e m a i n i n g  s t r a i n s  { E ~ )  a r e  t h e  unknown s t r a i n s  i n  t h e  e l e m e n t  a n d  are t h u s  
r e l a t e d  to n o d a l  dlsplaccsrncants ( 6 )  by t h e  F o l l o w i n g  e q u a t i o n :  
The  v e c t o r  (ER) is O F  s € z e  (5.1)  and t h e  m a t r i x  [ R R ]  is d i m e n s i o n e d  ( 5 , 2 4 )  
€or  t h e  e i g h t - n o d e d  e l e m e n t .  
The s t r e s s - s t r a i n  matrix O F  th t -  o r t l i o t r o p i c  material of t h e  e l e m e n t  also 
c a n  be w r i t t e n  i n  p a r t i t t o n e d  Form 3 s  
(A-7)  
T h e  s t r e s s - s t r a i n  r e l a t i o n s h i p  o f  eq. (A-7) c a n  be c o n c i s e l y  r e w r i t t e n  as  
T h e  matr ices  [D,,,], [ D x R ] ,  and [1)RR] a re  O F  d i m e n s i o n s  (1 ,1 ) ,  ( 1 , 5 )  and 
( 5 , 5 ) ,  r e s p e c t i v e l y ,  and t h e  column v e c t o r s  
o f  d f m e n s i o n s  (1 .11,  ( 5 , 1 ) ,  ( 1 , l ) .  and ( 5 . 1 1 ,  r e s p e c t i v e l y .  
{cx}, {cR) ,  {Tx), and ITR} are 
T h e  s t r a i n  e n e r g y  of  t h e  element, t h e n ,  is w r i t t e n  as 
' ( A - 9 )  
17 
Substituting eqs. (A -8 )  into ( A - 9 1 ,  using the partitioned Form of 
rearranging terms produces the following ( q u a t  Ion. : 
Is) ,  srld 
T J D~~ Eo - 2 E  D e t -  - *rR + *rT I) *r 1 2 0 xx x 0 x xx x I J '  = - 
T 'r + 2T DxR TR + TR DRR TR] dvol 
X 
T *r - 2s D T 1 dvol R xR x ( A - I T ) )  
The first integral term in eq. (10) is not ;I FrinctIon OF thv unknown strains 
{ E ~ ) ,  and hence can be disregarded €rom rurther consideratlon. 
The unknown strains are related to the nodal displacements by eq. ( A - 6 ) .  
Therefore ,  the strain energy can be written in terms of thc nodal displace- 
ments (6) by substituting e q .  ( A - 6 )  into eq. ( A - I O ) .  In  t h e  absence of  any 
other external loading the strain-energy U' is cqual to the total potent la1 
energy Minimizing II with respect to the nodal displncements (6) 
yields the Following equation: 
D' P 
(A-12)  
The m a t r t c e s  [ B R ] ,  [ D R R ] ,  and [ D x n ]  are o f  d i m e n s i o n s  ( 5 , 2 4 1 ,  ( 5 , 5 )  and 
(1 ,5) ,  r c s p e c t l v c l y ;  t h c  column v e c t o r s  { E ~ ) ,  {Tx}, and {TR) are o f  
d i m e n s i o n s  ( l , l ) ,  ( 1 , I ) .  and ( 5 , l ) ,  r e s p e c t i v e l y ;  t h e  s t i f f n e s s  m a t r i x  [K] and 
tlw consistent load  v e c t o r s ,  {F  } E  , and { f  IAT are of d i m e n s i o n s  ( 2 4 , 2 4 1 ,  
( 2 4 , l )  and ( 2 4 , 1 ) ,  r e s p e c t l v e l y .  
0 
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APPENDIX R: SUBROUTINES, MA,JOK PKC)Ci(AM V A R T A R L E S ,  ANI) COMMON BLOCKS 
T h i s  a p p e n d i x  f i r s t  p r e s e n t s  t h e  names and  f u n r t  i o n s  of  t h c  s u b r o u t i n e s  
a n d  major program v a r i a b l e s  a n d ,  n e x t ,  E i v e s  t h e  common b l o c k s  w i t h  t h e i r  
elements and t h e  s u b r o u t  l n e s  whlch  use tht l  common b l o c k s .  
Name ----- 
1. ADJUST 
2 .  ASEMBLE 
3 .  A S T A R  
Reorders t h e  nodal c o o r d i n a t e  a r r a y ,  t h e  clc>mcnt 
c o n n e c t i v i t y  a r r a y  and  t h e  b o u n d a r y  condi t ton a r r a y  
a c c o r d i n g  to t h e  r e n u m b e r i n g  s c l i e m c ~  p r o v f d e d  by t h c  us(’r .  
I f  no r e n u m b e r i n g  is g i v e n ,  no r e o r d e r i n g  o f  thiisrb a r r a y s  
i s  p e r f o r m e d .  
P r o c e s s e s  a l l  e l e m e n t s ,  o b t a i n s  e l c m c n t  s t l  F f n e s s  m a t r i c e s ,  
l o a d  v e c t o r s  and  assembles t h e  g l o b a l  s t  i f  Fness m a t r l x .  
A l s o  ca l l s  t h e  b a n d - s o l v e r .  
O b t a i n s  t h e  t r a n s F o r m a t l o n  r e l a t i o n s h i p  b e t w e e n  t h e  
g e n e r a l i z e d  Coordinates  a n d  t h e  n o d a l  c o o r d i n a t e s .  T h i s  
s u b p r o g r a m  1s c a l l e d  o n l y  o n c e ,  whet1 t h e  F t r s t  e l e m e n t  Ls 
p r o c e s s e d .  
4. BLOCK DATA C o n t a i n s  t h e  G a l i s s t a n  c o o r d i n n t c a s  a n d  wc!I):Iils tip to  a n  
8 - p o i n t  l n t e g r a t l o n  r u l e .  Also c o n t a i n s  t t w  p a r e n t  
c o o r d i n a t e s  (t,n) of t h e  8-nodcd t ~ l e m c * r i t .  
5 .  BMAT E v a l u a t e s  t h e  s t i f f n i ? s s  m a t r i x  a n d  t h c  l o i id  v e c t o r s  ( s e e  
e q .  (.4-12)) a t  t h e  I n t e g r a t i o n  p o i n t s .  
6 .  BOUND 
7 .  CKBNDW 
P r e s c r i b e s  t h e  b o u n d a r y  c o n d l t i o n s .  
C a l c u l a t e s  t h e  c u r r e n t  b a n d w i d t h  f r o m  t h e  v l e m e n t  n o d a l  
connectivity and c h e c k s  i f  t h e  c u r r e n t  bar idwidth  is grea ter  
t h a n  t h e  maximum h ~ n d w i d t h  In t h e  program.  
8. CKDEGF C a l c u l a t e s  t h e  d e g r e e s  ol f r e e d o m  ( d o f )  i n  t h e  model a n d  
c h e c k s  i F  t h e  c u r r e n t  degrees o f  Frecdom are g rea t e r  t h a n  
t h e  maximum i n  t h e  program.  
9 .  CLD 
10. D E R I V E  
C a l c u l a t e s  t h e  c o o r d i n a t e s  o f  t h e  m i d s t d c b  n o d e s  and  r e a d s  
i n  a n d  Forms t h e  b o u n d a r y  condi t t o n  a r r a y .  
O b t a i n s  the  derivatives OF t h e  s h a p e  f u n c t i o n s  a t  any  p o i n t  
( [ , r~ )  In  t h e  c l e m e n t .  
1 1 .  FORCES 
12. GEVAL 
13 .  1°C 
14. IN ' ISX  
15. MA'ILNV 
16. MATMUI, 
1 7 .  MODULUS 
18. PARKN'C 
19. PICKD 
20. PICKI:  
2 1 .  PROClSSS 
2 2 .  Q 3 D G  
2 3 .  SBANDPD 
2 4 .  SilAPl: 
2 5 .  SMAI.LK 
26.  S T R E S S  
2 7. TRANS 
28. ZI'RO1.N 
29 .  ZIrKoI,V 
Ca I cii1ntr .s  thc- fall.mcbnt f o r c e s  a n d  c h e c k s  t h e  e l e m e n t  
c?rlu€ 1 I b r i  um. Ca1 cril a t e s  t h e  model s t  resscs a n d  L'orces a n d  
c h e c k s  global  e q u i  l i b r i u m .  C a l c u l a t e s  t h e  E~ s t t a l u s  
n e e d e d  t o  s a t i s € y  t h e  c o n d i t i o n  
h y g r o s c o p i c  l o a d i n g s .  
F, = 0 €or the  t h e r m a l  and 
Computes  t h e  s t r n i n - e n e r g y - r e l e a s e  rates for d e l a m i n a t i o n  
g r o w t h  for  a l l  s e v e n  p o s s i b l e  l o a d i n g  condi t ions .  
O b t a i n s  t h e  s t i f f n e s s  m a t r i x  and  load v e c t o r s  of an e i g h t -  
nodcd e l e m e n t  by G a u s s i a n  q u a d r a t u r e .  
Oht .a ins  t h e  t o t a l  force,  F,, i n  t h e  x - d i r e  t i o n  i n  a n  @le- 
mcnt I ~ I I ( ~  to m c c h a n i c a l  s t r a i n  O F  = 10- , a t e m p e r a t u r e  
ch;in):c of  AT = 1"F,  .and a m o i s t u r e  chiltlge o r  AH = 1%. 
i s  o h t ; i i n c d  by 1 n t c ~ ) : r a t l o n  O F  uX Stresses  o n  t h e  e l c m e n t .  
OhLaIns thch invcrsc.  o f  n s q u a r e  m a t r i x .  
O h t i l i n s  t h e  product O C  t w o  m n t r i c e s .  
Compiitc?~ t h e  modul (IS matri x ,  a n d  t h e r m a l  aiid h y g r o s c o p i c  
s t r a i n s  O F  e a c h  material. 
k 
Fr 
a N i  aNi 
C a l c u l a t c s  t h e  pnrc.nt d e r € v a t € v e s  i J 1,8 a t  
e a c h  O F  t h e  ( N G A U S S )  G a u s s t a n  p o i n t s .  ALSO c a l c u l a t e s  the  
2 x 2 G a u s s i a n - n o d a l  s t ress  t r a n s € o r m a t i o n  m a t r i x .  
a g  ' i{-, 2 
C a l c u l a t e s  t h c  d t s p l a c e m e n t  d i f f e r e n c e s  (see e q .  ( 3 ) )  
needed  I n  t h e  G - c a l c ~ i l a t i o n s .  
C a l c i i l a t c s  t h e  F o r c e s  (see eq . (3 ) )  n e e d e d  i.n t h e  
G - c a l c u l a t i o n s .  
Summar I z e s  t h e  s t  r a  I n - e n e r g y - r e l e a s e  ra te  r e s u l  ts  €or  a1 1 
t h e  7 p o s s t h l c  loacling c o n d i t i o n s .  
Main program o f  t h i s  a n a l y s i s .  R e a d s  most of t h e  i n p u t .  
S o l v e s  a L i n e a r  s y s t e m  o f  e q u a t i o n s  Ax = R. A i.s a b a n d e d  
s y m m e t r i c  p o s t t i v e  d e f l n i t e  c o e € f i c i e n t  m a t r i x  aiid R i s  a 
m a t r i x  of r i g h t  hand stdc v e c t o r s .  
Shapc? r u n c t  I o n s  o f  t h e  e i g h t - n o d e d  c l e m e n t .  
Cal c u l  atc!s t h e  1.1 chment s t i € f nc-.ss m a t  r i  x. 
Cal cii l  a t e s  t h e  n o d a l  stresses €or a n  caight-noded e l e m e n t  
Crom t h e  s t r e s s e s  a t  t h e  2 x 2 G a u s s i a n  p o i n t s .  
O b t a i n s  t h e  t r a n s p o s e  of a m a t r i x .  
Zrros out R rc*aI v n r t a h l e  a r r a y .  
2 1  
R . 2  Malor ------- Program V a r i a b l e s  __ 
COMMON 
-I- 
VARIARLE NAME - 
AMOD ( 6 , 6 )  MOD 
H I G K  (75 ,1110)  AST I F 
CORD (8,8) 
I E L H  
GAUSS 
CONFC; 
DE LT CONFG 
DIS (1110,3) DISP 
EE (6,6,10) MOD 
ELI)IS ( 2 4 , 3 )  - - 
EM (10,16) MA'rlSR 
Modi11 11s mat r i x o f  thcb mat "r  i n l  b e  i n g  
p r o c e s s e d  
Assembled g l o b a l  s t i f f n c . s s  m a t r i x .  F i r s t  
s u b s c r i p t  c o r r e s p o n d s  to  t h e  b a n d w i d t h ;  
s e c o n d  s u b s c r i p t  c o r r e s p o n d s  to  t h e  degrccs 
O F  Freedom i n  t h e  modt.1. 
G a u s s i a n  c o o r d 1 n a t c . s  tip t o  8 - p o i n t  C : i i l s : ; i n n  
i n t e x  r a t i o n .  
Chi~ngi. I n  m o i s t u r e  c o i i t c B n t ,  AH,  
( p c r c e n t a g : ( - )  of  t h e  l n m i n n t r s  f o r  
h y g r o s c o p t c  l o a d i n g .  
Change  i n  t e m p e r a t u r e ,  AT, o f  t h e  l a m i n a t t .  
€ o r  t h e r m a l  l o a d i n g .  
G l o b a l  d t sp laccAments .  F t r s t  s u b s c r i p t  
c o r r e s p o n d s  t o  t h e  degrt.e o r  f r e e d o m ;  
s e c o n d  s u b s c r i p t  c o r r e s p o n d s  t o  t h e  t h r e c  
l o a d i n g  c o n d i t i o n s .  
Modulus matr ices  f o r  e a c h  m n t r r t a l .  Tht. 
t h i r d  s u b s c r i p t  c o r r e s p o n d s  t o  t lw matrri.31 
nr iml>t?r .  
Mater i .11  p r o p e r t y  specif I c ; i t i o n s  o f  e a c h  
m a t e r i a l .  T h e  f i  r s t  s u b s c r i p t  c o r r e s p o n d s  
t o  t h e  m a t e r i a l  number.  
H y g r o s c o p i c  s t t a l n s  d u e  t o  AH = 1% o f  
mat e r t a l  bt? ing p r o c e s s e d .  
S t r a i n  E~ n e c d e d  t o  s a t  
Fx = 0 ,  due  t o  AH = 17. 
S t r a i n  E, n e e d e d  t o  s a t  
c o n d i t t o n  F, = 0, d u t b  t o  
s f y  t h e  cond 
s f y  t h e  
AT = 1 " .  
t h e  
t i o n  
2 2  
V A R I A B L E  NAME COMMON - - - - - - - - - - -_ _ _  - 
KT ( h , l )  MOD 
ETM ( 6 , 1 0 )  MOD 
ETH ( 6 ,  IO) MOD 
I:I:MT 
YKTT 
i.' Is XT 
FORCE (40O,3,3) - ---- 
GCK ( 8 , 2 )  G K N R L  
G l > t S  (2 ,7,3)  CCAI. 
CFOK ( 2 , 3 , 3 )  CCAI, 
Thermal  s t r a l n s  due  t o  AT = 1" f o r  t h e  
material b e € n g  p r o c e s s e d .  
H y g r o s c o p i c  s t r a i n s  d u e  t o  AH = 1" €or a l l  
materials. T h e  s e c o n d  s u b s c r i p t  cotre- 
s p o n d s  t o  t h e  m a t e t i a 1 , n u m b e r .  
Thermal  : ; t r a i n s  d u e  t o  AT = 1% €or a l l  
materials. The s e c o n d  s u b s c r i p t  corre- 
s p o n d s  t o  t h e  m a t e r i a l  number.  
Net Force I n  t h e  
l a m i n a t e  d u e  t o  
Net €orce i n  t h e  
L a m i n a t e  d u e  t o  
Net €orce Ln t h e  
x - d i r e c t i o n  of  t h e  
AH = 12 a n d  = 0. 
x - d i r e c t i o n  of t h e  
AT = 1' a n d  = 0. 
x - d € r e c t € o n  of t h e  
l a m i n a t e  dire t o  a m e c h a n i c a l  s t r a i n  o f  
= a l o n e .  
X 
Nodal Forces oC t h c  c l e m e n t  b e € n g  pro- 
ccssed. The  s e c o n d  s u h s c r  i p t  i n d i c a t e s  o n e  
o f  t h e  t h r e e  l o a d i n g  c o n d i t i o n s .  
N o d a l  Eorces a t  e a c h  node  of t h e  model .  
T h e  f i r s t  s u b s c r i p t  i n d i c a t e s  t h e  n o d e  
number;  t h e  s e c o n d  s u b s c r i p t  i n d i c a t e s  t h e  
x-, y-, o r  z - d i r e c t l o n ;  t h e  t h i r d  s u b s c r i p t  
t n d i c a t e s  o n e  o f  t h e  l o a d i n g  c o n d i t i o n s .  
Ar ray  e q u i v a l e n c e d  w i t h  RIGK. 
P a r e n t  c o o r d i n a t e s  ( 6 , ~ )  of t h e  8-noded 
i s o p a r a r n e t r i c  c l e m e n t .  Note t h a t  0 C 5 ,  
rl < 1. 
R e l a t i v e  d i s p l a c e m e n t s  u s e d  i n  t h e  
G - c a l c u l a t i o n .  The f i r s t  s u b s c r i p t  
I n d i c a t e s  o n e  of  t h e  sets of n o d e s  . j u s t  
b e h i n d  t h e  d e l a m i n a t i o n  t i p ;  t h e  s e c o n d  
s i i h s c r l p t  i n d i c a t e s  t h e  x-, y-, o r  
z-d i rec t  Lon; t h e  t h i r d  s u b s c r i p t  i n d i c a t e s  
o n e  o f  t h e  three l o a d i n g  c o n d i t i o n s .  
Forces u s e d  i n  the  G - c a l c u l a t i o n .  The 
f l r s t  subscript i n d i c a t e s  o n e  o f  t h e  s e t  o f  
n o d e s  a t  a n d  nhcnd o f  t h e  d e l a m i n a t i o n  t i p ;  
tht. s c c o n d  s u b s c r i p t  i n d i c a t e s  t h e  x-, y-, 
o r  z-d i  rect  I o n ;  t h e  t h i r d  s u b s c r i p t  
i n d t c a t e s  o n e  of  t h e  t h r e e  loading  
c n n d l t l o n s .  
2 3  
COMMON ------ V A R I A B L E  NAME -- ---- - 
IMAT ( 2 0 0 )  MATER 
I MT . MOD 
IKENUM 
IRHS 
JNEW ( 4 0 0 )  
JOLD ( 4 0 0 )  
LEM 
LIST ( 2 0 0 )  
LLIST 
LNOD 
LOLD 
LX 
NBAD ( 2 0 0 )  
NBAND 
CONFC 
RENlJM 
RENUM 
CONGF 
C L l S T  
A r r a y  containing material cod(? (number )  of 
a1 1 t h e  e l e m e n t s .  
Material  c o d e  o f  t h c  (?lcmc>nt bein): 
p r o c t . s s c d .  
R t ~ n u m b r r i n g  o p t  t on .  Whon IHI"!JM=O, no 
renumhc!rInK o p t  i o n  i s  c x c r c i s e d .  IJser milst  
provide .  t h e  r cnumber  i n); scIicmQ. 
Number of l o a d i n g  c o n d l  t i o n s .  Yaximtirn 
number' of  l o a d  i 11): c o n d  i t ion.; t h a t  (-;in htb 
s p c c i  f l e d  is 3: t n t ~ c l i ~ i n i c a l  , tlicrm,il rind 
h y g r o s c o p i  c l o a d  I rigs. 
A r r a y  which r e l a t e s  ncw n o d e  numhtxrs t o  o ld  
node  numbers .  J N E W  ( I O )  g l v c s  thc. new n o d e  
number O F  t h e  o l d  node number TO. T h i s  
a r r a y  t s  c o m p l e m e n t a r y  t o  t h e  a r r a y  .TOLD. 
A r r a y  w h i c h  re la tes  numbers  t o  t h e  new nodri 
numbers .  .JOLI) ( T N )  g tvc l s  t h e  o l d  n o d e  
nrimbcr o f  t h e  new n o d e  IN. T h i s  a r r a y  I s  
c o m p l e m e n t a r y  to thc. a r r a y  .JNEW. 
E l e m e n t s  u s e d  I I I  t h e  G-c;alcii lnt  t o n .  
T o t a l  I rn l ; th  o f  t h e  NOI) a r r a y ,  v t i r r e i i t l y  
LNOD = 200 * 8 = 1600. 
T o t a l  L e n g t h  O F  t h e  .JNEW a n d  .JOLD a r r a y s ,  
c u r r e n t l y  LOLD -- 400. 
T o t a l  IengLh of  t h e  x a r r a y ,  c u r r e n t l y  
1.X = 400 * 2 = 800. 
A r r a y  which s tores  t h e  numbtirs O F  e l e m e n t s  
t h a t  do n o t  s a t i s l y  e q u f l  Lbrium c o n d i t t o n s .  
Maximum number O F  rows €n t h e  RTGK a r r a y .  
Also corresponds t o  t h e  maximum al lowable 
b a n d w f t h ,  c u r r e n t l y  NBAND = 75. 
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VAKIARLE NAMI' COMMON DESCK I P T I O N  
NBOUN I NTGR 
NRW I N T C K  
NI) ( 4 0 0 , l O )  ----_ 
NDA (400) 
N D I S  
NFKEE 
N G A U S S  
NCI) ( 4 )  
NCI: ( 2 )  
NMAr 
NMAX 
1 NTGK 
I NTGli 
I NTGR 
CCAL 
GCAI. 
----- 
l N'TGR 
LNTGK 
I3NOI) 
Number o f  b o u n d a r y  c o n d i t i o n s .  (Degrees of 
f r e e d o m  w i t h  a p r e s c r i b e d  zero d i s p l a c e -  
ment).  This v a l u e  s h o u l d  not e x c e e d  LLIST. 
C u r r e n t  b a n d w i d t h  of t h e  f i n i t e  element 
mode I. 
Array c o n t a i n i n g  t h e  number of n o d a l  ad- 
j o i n i n g  a s p e c i f i c  node  i n  e a c h  material .  
T h e  f i r s t  s u b s c r i p t  c o r r e s p o n d s  t o  a n o d e  
nuinber; t h e  s e c o n d  s u b s c r i p t  i n d i c a t e s  the 
m a t e r i a l  number.  A r r a y  i s  e q u i v a l e n c e d  
w i t h  RICK. 
Array  c o n t a i n i n g  t h e  number o f  n o d e s  
a d j o i n i n g  a s p e c i f i c  node.  A r r a y  is 
e q u i v a l e n c e d  w i t h  BIGK 
C u r r e n t  d e g r c e s  o C  f r e e d o m  o€ t h e  f i n i t e  
e l e m e n t  model ,  N D I S  = N P O I N  * N F R E E .  
Number of d e g r e e s  of  f r e e d o m  p e r  n o d e ,  
c u r r e n t l y  NFKEE = 3. 
Number o f  G a u s s i a n  i n t e g r a t i o n  p o i n t s  i n  
e a c h  d i r e c t i o n .  C u r r e n t l y  NGAUSS = 3. 
Array  c o n t a i n i n g  t h e  node numbers  w h e r e  t h e  
r e l a t i v e  d l s p l a c e m e n t s  are  c a l c u l a t e d  a n d  
u s e d  i n  t h e  G - c a l c u l a t i o n .  
Numbers of  n o d e s  a t  w h i c h  f o r c e s  a r e  c a l c u -  
l a ted  a n d  u s e d  i n  t h e  G - c a l c u l a t i o n .  
T o t a l  number of m a t e r i a l s  i n  t h e  p r o b l e m .  
C u r r e n t l y  up t o  10 mater ia l s  c a n  be 
spec i f  i e d  . 
Mnxlmum number O F  c o l u m n s  i n  t h e  B l G K  
a r r a y .  Also c o r r e s p o n d s  t o  t h e  maximum 
a l l o w a b l e  d e g r e e s  of f r e e d 0 m . i . n  the model .  
C u r r e n t l y  NMAX = 1 1 1 0 .  
Number o €  n o d e s  on each e l e m e n t .  For t h e  
parabol ic  e l e m e n t  used i n  t h i s  p r o g r a m ,  
NNODE = 8. 
Nodal c o n n c ' c t i v i t y  of e a c h  e l e m e n t .  The 
F Crst s u b s c r i p t  i n d i c a t e s  t h e  e l e m e n t  
number and t h e  s e c o n d  s u b s c r i p t  i n d i c a t e s  
t h e  8 n o d e s  o n  t h c  e l e m e n t .  . 
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I 
! 
NPLY ' CONFG 
NPOIN INTGK 
PO urr OUT 
PDER (18,8) CDER 
SHORT 
SMECH 
OUT 
CONFG 
SP (400 ,6 ,10 )  --- - - 
S P A  ( 4 0 0 , 6 )  
THETA (10) 
TSTR (8-4) 
MATER 
CDER 
T o t a l  number o f  n o d e s  I n  t h e  f I n i  t c .  e l c m v n t  
mode I .  
O u t p u t  o p t i o n  i n d i c a t o r .  
A r r a y  c o n t a i n i n g  thcn parcxnt d c r l v a t  t v e s ,  
3,;- a t  e a c h  o f  t h e  G a u s s i a n  p o i n t s .  
3 N l  a N i  
-' 
A r r a y  is s t o r e d  a s ,  
j = 1, NGAUSS x NGAUSS. 
S h o r t  o u t p u t  o p t l o n .  
M e c h a n i c a l  s t r a l n  EX prt:scribc!d o n  t h e  
1 amlnn t e  . 
A v e r a g e  n o d a l  s t resses  a t  cBnch nodti i n  e a c h  
material d u e  t o  t h c  comhinc.d l o a d i n g .  The 
f i r s t  s u b s c r i p t  L n d I c a t e s  t h e  node numbt.r; 
t h e  s e c o n d  s u h s c r t p t  i n d i c a t t . s  one  o f  t h e  
t h e  t h i r d  s u b s c r i p t  1ndica tc . s  t e m a t e r i a l  
number. A r r a y  1s c q u t v a l e n c c d  w i t h  HIGK.  
s i x  s tresses ox, a y ,  oz, oxy '  O{Z*  O Z x ;  
Averagc. nodal stresses a t  cbnch nod(.  Ln t h f i  
model d u e  t o  combined  l o a d i n g .  The  f i r s t  
s u b s c r i p t  i n d f c a t e s  t h e  node  number;  t h r  
s e c o n d  s u b s c r i p t  l n d l c a t c s  o n e  o f  t h e  s i x  
f s  e q u i v a l e n c e d  w i t h  BTGK.  
o 0 A r r a y  s t resses  ox, ay, ( J z ,  x y ,  y z ,  uzx. 
F i b e r  anglc:  lor e a c h  m a t e r i a l .  C u r r e n t l y ,  
up  t o  10 m a t t h r t a l s  can  b t *  s p ' ( : i f f c d .  
2 x 2 Gaussian-Nodal s t ress  t r a n s € o r m a t i o n  
mat r i x. 
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UEL (24 ,3)  RLOAD 
UMO ( 2 4 , t )  
UO ( 2 4 , l )  
BLOAD 
RLOAD 
U T  ( 2 4 , l )  BLOAI) 
W l i  [GH'C ( 8  , 8) GAUSS 
w ~ i m i  CON FG 
X( 400 , 2)  R N O U  
XE ( H , 2 )  --- --  
XLONG OUT 
C o n s i s t e n t  n o d a l  loads OF a n  e l e m e n t .  The 
€ i r s t  s u b s c r i p t  i n d i c a t e s  o n e  of t h e  
d e g r e e s  OF freedom of  t he  e l e m e n t ;  t he  
s e c o n d  s u b s c r i p t  i n d i c a t e s  o n e  o f  the  three 
l o a d i n g  c o n d i t i o n s  of EX = 
or  AH = 1%. 
AT = l o ,  
C o n s i s t e n t  h y g r o s c o p i c  v e c t o r  a t  t h e  i - n t e -  
g r a t i o n  p o i n t  C o r r e s p o n d i n g  t o  AH = 1%. 
C o n s i s t e n t  m e c h a n i c a l  v e c t o r  a t  t h e  
i n t e g r a t i o n  p o i n t  correspo d i n g  t o  a 
m e c h a n i c a l  s t r a i n  EX = 10- . 8 
C o n s i s t e n t  t h e r m a l  v e c t o r  a t  t h e  
i n t e g r a t i o n  p o l n t  c o r r e s p o n d i n g  t o  AT = 1'. 
Gauss Lan w e i g h t s  up t o  8 - p o i n t  G a u s s i a n  
I n t  egra t ion.  
Width of  t h o  l a m i n a t e .  
Y- a n d  z - c o o r d i n a t e  a r r a y  of a l l  n o d e s  i n  
t h e  f € n i t e  e l e m e n t  model .  
Nodal  c o o r d i n a t e s  of  t h e  n o d e s  €o r  the 
t ? 1  ement  b e i  ng p r o c e s s e d .  
Long  o u t p u t  o p t  i o n .  
i 
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R.3 Common Iilocks 
ROUTINE --__- 
ASEMRL, ASTAR, RMAT 
BLOCK NAME 
A I N V  
A S T I F  H I k K ( 7 5 , l l l O )  A D J U S T ,  ASI'MBL, BOUND, FOKCRS, 
0 3 D C  
BLOAD BMAT, FOKCI'S,  I N T  
X( 400,2) ,  NOD( 200,8) BNOD AII:JUST, ASEMBI., CKBNIIW, C L D ,  
G E V A L ,  P I C K F ,  Q31)G' 
CDER ASEMRL, FOKC13S 
C L I S T  L I S T (  200) ADJUST,  ASEMHI,, ROUND, CLD,  
FOKCES, Q3DG 
ASEMRL, FORCES,  GEVAL, PTCKI), 
P I C K F ,  S T R E S S ,  Q31)G 
ASEMBL, HOUND, FOKCES,  PZCKD, Q3DG 
CONFG NPLY, I R H S ,  WIDTH,  
SMECH, DELT, DELM 
D I S ( 1 1 1 0 , 3 )  D I S P  
GAUSS C O R D ( 8 , 8 ) ,  W E I G H T ( 8 , 8 )  BLOCK DATA, INT, INTSX, S T R E S S  
FORCES,  GKVAL, P ICKD,  PTCKI:, Q3DC GCAL 
CCR( 8,2) GENRL 
I NTGR 
ASTAR, BLOCK DATA, FOKCES 
N P O I N ,  NBOUN, NELEM, 
NFKEE,  NMAX, NBW, 
NBAND, NNOIII:, N D I S ,  
NGAUSS 
A U J U S T ,  ASEMRL, I W U N D ,  CKBNUW, 
cKimI:, cm,  FORCES, G K V A I . ,  qmc 
MATEK 
MOD ASEMBL, BMAT, FOKCES,  I N T S X ,  
MODULUS, STRESS, Q31X 
I M T ,  E T M ( 6 , 1 0 ) ,  EMO(6,l) 
OUT 
RE N UFI 
POUT, SHORT, XLONG ASEMBL, BLOCK DATA, FOKCES,  CEVAL,  
Q3DC 
J O L D ( 4 0 0 ) ,  J N E W ( 4 0 0 )  A D J U S T ,  ASEMRL, FORCES,  CEVAL, 
P I C K D ,  PLCKF,  Q3DG 
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Example P r o b l e m  1 
The  €Crst e x a m p l e  p r o b l e m  is t h a t  of a l o n g  r e c t a n g u l a r  [f35/0490Is 
l a m i n a t e  w i t h  a semi-width b O F  0.75 inchc.s. T h e  l a m i n a t e  is e d g e  d e l a m i -  
n a t e d  a t  t h e  0/90 t n t e r f a c e s  as i n d i c a t e d  by t h e  upward drrow i n  t h e  s t a c k i n g  
sequcbnce. The d c l a m i n a t i o n  l e n g t h  a i s  0 . 1 2 9  i n c h e s .  The l a m i n a t e  is sub- 
j ec ted  t o  n u n t € o r a  a x i a l  s t r a i n  
AT o f  -280°F (cool iny, from 350°F c u r e  t o  room t(’mpcrnt-iirt-! of 7 0 ” F ) ,  a n d  a 
E~ 
of 0.00254 i n / i n ,  a t e m p e r a t u r e  c h a n g e  
m o I s t i i r c S  chiiiigc* All  o f  0 . 6 2 .  
T h e  lam1 nntch was modcilc-d w i t h  102 e l g h t - n o d c d  (blt>ments involving 367 
n o d e s  a s  shown i n  f i g .  2. Thc  d v t a l  I s  of t h e  m o d e l i n g  n e a r  t h e  d e l a m i n a t i o n  
t i p  a rc  shown i n  f i g .  5 a l o n g  w i t h  t h e  e l e m e n t s  a n d  n o d e s  i n v o l v e d  i n  t h e  
G - c a l c u l a t t o n .  The i n p u t  d a t a  For t h i s  model  is p r e s e n t e d  i n  €ig. 6. The  
i n p u t  d a t a  of t i g .  6 wet-(’ o b t n t n e d  using t h e  r e c t a n g u l a r  mesh g e n e r a t i o n  
p r o g r a m ,  DArGEN. T h i s  p r o g r a m  i s  d e s c r i b e d  i n  A p p e n d i x  E. 
The  d c t a i t e d  o u t p u t  from Q3DC €or t h e  i n p u t  I n  f i g .  6 is p r e s e n t e d  i n  
f i g .  7. The p r o g r a m  c a l c u l a t e d  t h e  t o t a l  s t r a i n - c n ~ r g y - r e l e a s e  rates €or M ,  
M i- T ,  M t 1 1 ,  ant1 M k T 1- t I  l o a d i n g  c : o n d i t i o n s  as  0 .1102,  0 . 2 6 3 7 ,  O.r)700, a n d  
0 . 1 3 3 2  l b  i n / i r i  , rc : spvc t ivvIy .  The CLT a n a l y s e s  of re€ .  3 y i e l d e d  t h e  to t<i l  2 
s t r a i n - c n c r g y - r t I l c n s i ~  ratc’s OF 0.1104, 0 .2577,  0.0686, a n d  0 .1314 I b  i n / i n  2 
for t h e  s a m c i  l o a d i n g  c .3ses .  The F l n i t e  elrAment v a l u e s ,  t h u s ,  a g r e e d  v e r y  w e l l  
w i t h  CLT v a l u v s  i n  t h e s e  cases. 
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Example Problem 2 
The  second e x a m p l e  p r o b l e m  u s e s  t h e  s:imc' 1amlnattB c o n r  lj!iiraL i o n  and 11)ad-  
i n g  as t h e  First p r o b l e m  e x c e p t  t h a t  t h e  s t a c k i n g  sccltit~iicc~ Tor tllis l.-lininntt* 
is [ *45 /0490] , .  
material  s p e c i f i c a t i o n  c a r d s .  The m a t e r i a l  s p e c i f i c a t i o n  cards f o r  t h i s  l n m i -  
n a t e  are  p r e s e n t e d  i n  Cig. 8. The s h o r t  o u t p u t  o p t t o n  was e x t * r r : i s v d  and  t h e  
The  i n p u t  d a t a  is t h e  same as shown I n  Fig. 6 e x c e p t  ror  t h e  
o u t p u t  o b t a l n e d  from Q3DG i s  p r e s e n t e d  i n  fig. 9. 
Example P r o b l e m  3 
T h i s  example  is i n c l u d e d  t o  d e m o n s t r a t v  t h e  i n p u t  r e q u i r e d  for  t h e  rc- 
n u m b e r i n g  op t ion .  
the Oo a n d  90" p l i e s  w i t h  b = 0.75 i n .  a n d  a = 0.15 i n .  The l a m i n a t ( >  is 
s u b j e c t e d  t o  cX = 0.00254 i n / i n ,  AT = -280°F a n d  N1 = 0.6%. 
C o n s i d e r  a [0{90Is l a m i n a L c  w i t h  e d g e  delaminations b e t w e e n  
Two i d e n t i c a l  v e r y  coarse F i n i t e  c l e m e n t  i d e a l l z a t i o n s  were u s e d .  I n  t h e  
f i r s t  m o d e l ,  t h e  nodes  were numbered t n  t h e  t h i c k n e s s  d i r e c t i o n  as shown f n  
f i g .  1 0 ( a ) .  In t h e  s e c o n d  model ,  t h e  n o d e s  wcre numbered i n  t h e  w l d t h  d l r e c -  
t i o n  as shown i n  f i g .  l O ( b ) .  O b v € o u s l y ,  t h e  w i d t h - w i s e  n u m b e r i n g  qchemc 
y i e l d s  a l a r g e r  b a n d w i d t h  ( b a n d w i d t h  = 59) t h a n  t h e  t h i c k n e s s - w i s e  n u m b e r i n g  
scheme ( b a n d w i d t h  = 3 9 ) .  T h e r e f o r e ,  t h e  r(Bniimbering o p t t o n  was e x e r c i s e d  € o r  
t h e  model shown i n  f € g .  IO(b). The  i n p u t  d a t a  For t h e  model .of f i g .  IO(b)  i s  
p r e s e n t e d  i n  Fig. 11. B o t h  m o d e l s  oE Eig. 10, when e x e c u t e d  by t h c  Q 3 D C  
p r o g r a m ,  g a v e  i d e n t i c a l  r e s u l t s  Cor d i s p l n c c ~ m c n t q ,  s t resses ,  a n d  s t r a i n -  
e n e r g y - r e l e a s e  rates. The summary o f  t h e  s t r a i n - e n e r g y - r e l e n s e  rates Tor 
t h e s e  m o d e l s  is shown in f i g .  12. 
T y p i c a l  Resiil t s  
T a b l e  ,1 presents t h e  s t ra in-eneray- rc . lc .ase  r a t e s  f o r  4 c.d~~!c-d~.laininatc.d 
l a m i n a t e s  s u b j e c t e d  t o  E~ = 0.001, AT = 280°F a n d  AH = 1 . O X .  'rhpscb 
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those with only one cdge delaminat ion.  
3 1  
T a b l e  1: S t r a i n - e n e r g y - r e l e a s e  r a t e  r e s u l t s  For e d g e  d e l a m i n a t  t o n s  under l amt -  
nate  combined l o a d i n g s :  EX = 0.001; AT -280°F; AH = 1.0. M a t e r i a l  
p r o p e r t l e s  u s e d  h e r e  a r e :  E 1 1  = 18.2 Msi; E 2 2  = E 3 3  = 1.23 Msi; 
vi2  = Ul3 = V23 = 0.292 G12 = G13 = G23 = 0.832 Msi 
G ( T o t a l )  
GI / G  
. G t I r / G  
GI r / G  
M M -k T M t 'r t H 
- .- __ __ 
0.0150 0.0926 0.0098 
94.43% 43.95% 8 8 - 4  5 x 
5.50% 5 6.0 3% 11 .25% 
0.07% 0.02% 0. '30% 
M 
G (Total) 
C I / G  
G d G  
t t / G  
0.0266 
75.87% 
24.06% 
0 
M + T  
0.1192 
36.79% 
63.19% 
0 
M + T -t I1 
I Laminate:  [ 3 0 / - 3 0 2 / 3 0 ~ 9 0 I s  
G ( T o t a l )  
M 
0.0273 
63.58% 
36.90% 
-0.48% 
- 
M 1 - T  
0.1292 
63.58% 
36.90% 
-0.48% 
0.0150 
97.231 
2.402 
0 
M + 'r + I I  
0.01 10 
63.58% 
36.90% 
-0.48% 
F G ( T o t a l )  M 0.0459 
68.25% 
32.03% 
-0.28% 
M + 'r 
0.2149 
68.25% 
32.03z 
-0.28% 
3 2  
M + T + I I  
0 .(I 1 8 6 
68.25% 
3 2 . 0 3 x  
-0.2 8% 
APPENDIX D: EXECIJTION ERRORS AND DEBUG STRATEGIES 
T h l s  a p p e n d i x  p r e s e n t s  t h e  c o n d t t  i o n s  u n d e r  whi-ch t h e  p r o g r a m  will 
t e r m i n a t e  e x e c u t i - o n  a n d  d i s c u s s e s  p o t e n t t a l  d e b u g  s t ra tegies .  
The  p r o g r a m  w i l l  t e r m i n a t e  e x e c u t i o n  a n d  p r i n t  a s e l f - e x p l a n a t o r y  
d I a g n o s t  i c  message u n d e r  t h e  Following c o n d i t i o n s :  
1. A node or n o d e s  h n v ~  u n s p e c i f i e d  c o o r d i n a t e s .  
2.  An c l p m e n t  h a s  a n  u n s p e c i f i e d  m a t e r i a l  g r o u p  number.  
3 .  The d e g r c s s  of f r e e d o m  Ln t h e  model  is greater  t h a n  NMAX, t h e  column 
d i m e n s t o n  o f  BIGK. 
4. The b a n d w i d t h  OF t h e  model is greater  t h a n  NBAND, t h e  row d i m e n s i o n  
of BIGK. 
5. N e g a t i v e  d i a g o n a l  terms are computed  t n  t h e  e l e m e n t  s t i € E n e s s  m a t r i K  
OF a n y  e l e m e n t .  
6. The  b a n d - s o l v e r  abor t s  t h e  program u n d e r  t h e  F o l l o w i n g  c o n d i t C o n s :  
a. The matrix is n o t  p o s t t t v e  d e E t n i t e .  
b. The  b a n d w t d t h  Is greater t h a n  the number o€ e q u a t i o n s .  
T h e  F i r s t  t w o  e r r o r  c o n d i t i o n s  c a n  be c o r r e c t e d  by c h e c k i n g  and m o d i f y i n g  
t h e  i n p u t .  The  t h i r d  and  F o u r t h  e r r o r  c o n d i  t t o n s  a r e  c a u s e d  by t h e  s i z e  o f  
t h e  model .  To cor rec t  t h e s e  c r r o r s ,  t w o  a l t e r n a t i v e s  a r e  avatlable. The 
of  t h e  program, as  e x p l a i n e d  e a r l i e r .  The s e c o n d  a p p r o a c h  is to  r e d u c e  t h e  
size o €  t h e  f i n i t e  c l e m e n t  model. Error c o n d i t € o n  5 i s  t l s u a l l y  caustad by an 
improper d e s c r l p t  i o n  of one o r  more e l e m e n t s .  Each  e l e m e n t ' s  n o d a l  c o n n e c t -  
i v i t y  must  be d c s c r t b e d  t n  t h e  c o u n t t x r c l o c k w i s e  s e n s e  s t a r t i n g  a t  a n y  c o r n e r  
node. --- 
p o s s t b l i :  so i~ rce  O F  t h i s  e r ror  may bc e r r o n c o i l s  n o d a l  c o o r d i n a t e s .  The hand- 
__ ___ __ I ____-_- --- - - _- -- -
I f  t h l s  is n o t  d o n e  co r rec t ly  e r ror  c o n d i t i o n  5 may r e s u l t .  A n o t h e r  
s o l v c - r ' s  o r ror  coiirli t i n n  n I!? due* t o  Fni lure t o  s p e c i f y  s u f f i c i e n t  r e s t r a i n t s  
t o  1 lies model to prf'vciiL r i g i d  body mot Lon. T h e r e F o r e ,  t h e  Boundary  c o n d i t i o n s  
k,: 
*:? 
3 
. '  
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’<, 
‘i. 
s p e c i f i e d  on the model s h o u l d  b e  c h e c k e d  and c o r r e c t e d .  Error  c o n d i t i o n  b o f  
t h o  b a n d - s o l v e r  r e s u l t s  w h e n e v e r  t h e  b a n d w i d t h  I s  grea te r  t h a n  t h e  t o t a l  
degrees  O F  Creedom i n  t h e  model. T h i s  condition u s u a l l y  occiirs b e c a u s e  of 
e r r o n e o u s  n o d a l  number ing .  T h € s  c o n d i t i o n ,  h o w e v e r ,  w i l l  n e v e r  o c c u r  b e c a u s e  
t h e  program would abor t  execution b e f o r e  I t  c a l l s  t h e  h a n d - s o l v e r .  
P l o t t i n g  t h e  f i n i . t c  e l e m e n t  model Ls rc.comrncnded s I n c c .  a p l o t  w i l l  
q u i c k l y  r e v e a l  any i n p u t  cJrrors I n  t h e  nodn I c o o r d  i nat txs  ;itid t ~ I c m l * n t  roniic’c- 
t i v i t i e s ,  which c o n s t i t u t e  t h e  b u l k  o f  t h e  i n p u t .  Any o t h e r  e r r o r s  which  ,art> 
e n c o u n t e r e d  c a n  u s u a l l y  b e  d e b u g g e d  us Ing  t h e  h o s t  compri tpr  dtbbiig and dump 
u t i l i t i e s .  
A s  a n  a d d i t i o n a l  c h e c k ,  t h e  t o t a l  s t r a i n - e n e r ~ y - r e l e a s c  r a t e s  computed  by 
Q3DG s h o u l d  be compared  w i t h  t h o s e  o b t a t n c d  by CLT t h e o r y  a n a l y s e s  [ I - ? ]  w h i c h  
c a n  be p e r f o r m e d  on m l c r o c o m p u t e r s .  The  Q 3 D G  r e s u l t s  s h o u l d  a g r e e  v e r y  w e l l  
w i t h  t h e  CLT r e s u l t s  e v e n  Tor coarse m o d e l s .  T h e r e E o r e ,  I T  t h e r e  is a large 
d i s c r e p a n c y  be tween t h e  Q3DG r e s u l t s  a n d  CLT r e s u l t s ,  b o t h  a n a l y s e s  s h o u l d  he 
e x a m i n e d  a n d  t h e  c a u s e s  For t h e s e  d l s c r e p a n c  L E S  s h o u l d  b e  de t txrmtned .  
I 
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A Pl’I<Nl) I X I‘ : IMTCICN l’l<OCRAM 
T h t s  a p p e n d i x  d e s c r i b e s  a r e c t a n g u l a r  mesh g e n e r a t i o n  p r o g r a m ,  DATGEN,  
which creates a d a t a  €€le t h a t  c a n  be u s e d  as a n  I n p u t  f o r  the Q3DG program. 
F i r s t ,  t h e  c a p a b i l i t i e s  of t h i s  program are e x p l a i n e d .  Next, a f e w  e x a m p l e s  
O F  d a t a  generation a n d  t y p e s  o €  e r r o r s  e n c o u n t e r e d  i n  the use of DATGEN are 
, 
p r e s e n t e d .  F L n a l l y ,  , t h e  I n p u t  d a t a  For t h e  p r o g r a m  i s  g i v e n .  
E . 1  C a p a b t l i t i e s  O F  DATGKN 
DATGEN is  a p r o g r a m  w h i c h  c a n  be e x e c u t e d  i n t e r a c t i v e l y  o n  a n y  m a i n f r a m e  
c o m p u t e r .  The p r o g r a m  r e q u i r e s  41,000 o c t a l  w o r d s  of core memory w i t h  the 
c u r r e n t  d i m e n s i o n s .  W i t h  t h e  Lnput of y- a n d  z - c o o r d € n a t e s  o n  t he  
y = c o n s t a n t  and  z = c o n s t a n t  l l n e s  a n d  t h e  l o c a t i o n  of t h e  d e l a m i n a t i o n  t i p ,  
t h e  p r o g r a m  g e n e r a t e s  a r e c t a n g u l a r  mesh,  c o m p u t e s  t h e  n o d a l  c o o r d i n a t e s  of 
t h e  m l d s l d e  n o d e s  a n d  t h e  n o d a l  c o n n e c t i v i t i e s .  The  u s e r  t h e n  e n t e r s  t h e  rest 
of t h e  d a t a  r e q u e s t e d  by t h e  program. The  p r o g r a m  f o r m a t s  the  i n p u t  and a t  
t h e  e n d  of  t h e  i n t e r a c t i v e  s e s s i o n ,  a c o m p l e t e  da t a  File is r e a d y  €or  u s e  as 
a n  i n p u t  f i l e  fo r  Q3DG. 
Material p r o p e r t i e s  and  thermal  e x p a n s i o n  c o e f f i c i e n t s  O F  t h e  T300/5208 
g r a p h i t e / c p o x y  u n i d i r e c t i o n a l  c o m p o s i t e  l a m f n a  are b u i l t  i n t o  t h e  DATGEN p r o -  
gram’s BLOCK DATA. The tiset c a n  change  t h e s e  p r o p e r t i e s  v e r y  e a s i l y  u s i n g  a 
t e x t  e d i t o r .  
The i n p u t  v a r i a b l e s  o€ 1)ATC;KN a r e  l i s t e d  i n  s e c t i o n  E.4. 
E.2 Examples  O F  I n t e r a c t € v e  S e s s i o n s  
Consldfbr the 1,t35/O/,90ls lnmlnntc. of  e x a m p l e  I i n  A p p e n d i x  C. A f i n i t e  
(blcmvnt  m o c l t * l  f o r  t h i s  l a m i n a t e  was shown i n  f i g .  2. The  y- a n d  z - c o o r d i n a t e s  
o f  y = c o n q t n n t .  and z = c o n s t a n t  l l n e s  u s e d  i n  t h i s  model a re  p r e s e n t e d  i n  
f i g .  13 a n d  wccc s to red  i n  F i l e  YZ. T h e r e  are 18 y - c o o r d i n a t e s  a n d  7 
3 5  
I 
! 
z-coordinates l i s t e d  i n  t h i s  f i l e  which correspond t o  the y- and x-coordlnatcs 
O F  t h e  ve r t i ca l  and h o r l z o n t a l  l i n e s ,  r e s p e c t i v e l y .  The re fo re ,  t he  values  of 
NYP and N Z P  i n  t he  program are 18 and 7 ,  r e s p e c t l v e l y .  The delaminat ion t i p  
is  l o c a t e d  a t  (0.6210, 0.0054). The y- and z-coordinates of  t h e  delamlnat ion 
t i p  correspond t o  the 11th y-coordinate and the  3rd z-coordinate i n  t he  F t l e  
YZ. Therefore,  the values NYC and NZC i n  t he  program a r e  1 1  and 3 ,  
r e s p e c t i v e l y .  
Fig.  14 p re sen t s  t he  complete i n t e r a c t i v e  s e s s i o n  For t h i s  model. A 3 1  
input  i s  echoed onto the terminal screen.  The output from DAI'CEN 1s w r i t t e n  
on the  Eile TRIAL. A complete l i s t i n k  of TRIAL is presented i n  Fig. 6 .  
E . 3  Recoverable and I r r e c o v e r a b l e  Er rors  
During an i n t e r a c t i v e  s e s s i o n  I t  is  p o s s i b l e  t h a t  the d a t a  may be input  
i n c o r r e c t l y .  Some errors i n  the d a t a  input can lead t o  recoverable  e r r o r s  
while  c e r t a i n  o t h e r s  can l ead  t o  i r r e c o v e r a b l e  e r r o r s .  T h i s  s e c t i o n  p r e s e n t s  
examples of  each kind. 
Fig. 15 p resen t s  a p a r t i a l  i n t e r a c t i v e  s e s s i o n  For the  [*35/0J901 
laminate  discussed i n  f i g .  14,  where e r r o r s  were made du r ing  the i n p u t  
m a t e r i a l  and thickness  s p e c i € l c a t i o n s .  The bottom I j n e  O F  the  p l y  d ld  
correspond t o  any of the given z-coordlnatcs.  A s  i l l u s t r a t t > d  by Fig. 
OE 
not 
5,  t h e  
e r rors  a r e  recoverable.  The program warns  O F  improper I n p u t  and r ecyc le s  back 
t o  the  p o i n t  where the e . r ror  was made and al lows the  user t o  e n t e r  the c o r r e c t  
da t a .  
F ig .  16 i l l u s t r a t e s  an i n t e r a c t l v e  s e s s i o n  t h a t  terminated due t o  an 
i r r e c o v e r a b l e  error. I f  t he  sum of t he  th i cknesses  of a l l  p l l e s  does not 
equa l  t o  t h e  maximum z-coordinate input  by the  user, DATGEN t e r m i n a t e s  the  
execu t ion  w i t h  an e r r o r  as shown i n  f i g .  16. 
I 
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E.4  Renumbering Opt  Lon 
Fig. 17 prc*sc*nts an i i i t ~ * r a c l t w  s i * s s l o n  i n  w h i c h  a F i n i t e  e l e m e n t  m o d e l ,  
as shown i n  f i g .  1 0 ( b ) ,  is c r e a t e d  €o r  a [0/90], l a m i n a t e  w i t h  a d e l a m f n a t i o n  
between t h e  0" and  90" p l i e s .  Tn t h i s  s e s s i o n  t h e  r e n u m b e r i n g  o p t i o n  was 
e x e r c i s e d .  The r e n u m b e r i n g  scheme was s t o r e d  i n  t h e  Eile REN and  t h e  y- a n d  
z - c o o r d i n a t e  were s t o r e d  i n  t h e  F i l e  YZC. T h e s e  two Ciles are  shown i n  
f i g .  17. 
.f 
When t h e  r e n u m b e r i n g  o p t  Lon I s  e x e r c i s e d ,  DATGEN c h e c k s  t h e  r e n u m b e r i n g  
scheme t o  see L F  any  number is  r e p e a t e d ,  e x c e e d s  t h e  maxlmum number of n o d e s  
t n  t h e  model ,  o r  d o e s  n o t  occur a t  a l l .  I f  any o €  t h e  t h r e e  c o n d i t i o n s  
occurs, DA'L'GEN g i v e s  n summary of t h e  error  c o n d i t i o n  and  no r e n u m b e r i n g  
s c h e m e  is cnterc:d on  Lhe o u t p u t  data  f l l e .  An e x a m p l e  o f  DATGKN's w a r n i n g  
message lor  t h L s  e r ro r  is p r e s e n t e d  I n  € i g .  18. I n  t h L s  e x a m p l e ,  a node w i t h  
number 39 was r e p e a t e d  twice and  a node w € t h  number 30 w a s  n o t  g i v e n  i n  t h e  
r e n u m b e r i n g  scheme.  
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E.5 D e s c r i p t i o n  of I n p u t  Data For DATGEN 
COLUMNS 
1-10 
I 2. 
3 .  
4 .  
5 .  
1-80 
1-10 
8 A 1 0  
* 
T I T L E  T t t l e  of t h e  p r o b l e m .  
N Y P ,  N Z P  Number o f  t h e  c o r n e r  n o d e s  i n  y- 
a n d  z - d i r e c t i o n s ,  r e s p e c t i v e l y ,  of 
t h e  r e c t a n g u l a r  mesh. 
* NYC, NZC Number of t h e  y- and  z - c o o r d i n a t e s ,  
respectively, o f  t h e  d e l a m t n a t l o n  
t i p .  
A 1 0  C F I L E  F I l e  name on which  t h e  y- a n d  
z - c o o r d I . n a t e s  v a l u e s  are  s t o r e d .  
6 .  * NMAT Number of m a t e r i a l s  € n  t h e  model 
( e a c h  p l y  w i t h  a d t F F e r e n t  FLber 
a n g l e  I s  c l a s s l f t e d  as a d i f f e r e n t  
ma te r i a l ) .  
7 .  * T H E T A  F t b e r  a n g l e  F o r  e a c h  mater ia l .  
T h i s  l i n e  o c c u r s  o n c e  For e a c h  material a n d  h e n c e  o c c u r s  NMAT timcs. 
8 .  * N PLY Number O F  p l i e s  i n  t h c  l a m i n a t e .  
9 .  * MATC M a t e r t a l  number o f  e a c h  p l y .  
10. * PLH P l y  t h i c k n e s s .  
‘The l i n e s  9 a n d  10 o c c u r  N P L Y  times. The_program a s s u m e s  t h a t  t h e  p l i e s  a re  - ------- 
numbered from the top - of - t h e  - - -- l a m i n a t e .  - --- ------- - ~I 
11. * I RHS Number o€  l o a d i n g  c o n d t t i o n s .  Note 
t h a t  t h e  number o f  l o a d i n g  
c o n d i t i o n s  TRHS < 3 .  
-__-I__- -___ 
Note: * denotes a f r e e  f o r m a t .  
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DESCKI PTION 
.--__I- 
FORMAT VARIABLE 
--_I ---- COLUMNS --cCARD SET _---- 
12. * SMKCH M e c h a n i c a l  s t r a i n  %a 
13. * DELT T e m p e r a t u r e  c h a n g e ,  AT. 
14. * DELH MoCsture  ( h y g r o s c o p i c )  absorption, 
AH. 
If IRHS = 1,  Card  s e t  1 3  and  14 are  n o t  needed .  If ZRHS = 2 Card s e t  14  is n o t  
needed .  Also n o t e  t h a t  i n p u t  of cX = 0 is n o t  p e r m i t t e d  by Q3DG. 
15.  * 
16. 
1 7 .  
* L KENUM Renumber ing  o p t i o n .  LRENUM 0, no 
renumbe r i n g  is a t  t e m p t e d .  
L K E N U M  = 1 ,  r e n u m b e r i n g  scheme 
follows. 
1-10 A 1 0  RF I1,E 
* 
N a m e  of  Eile which c o n t a i n s  t h e  
r e n u m b e r i n g  scheme.  Tf a b l a n k  i s  
i n p u t ,  r e n u m b e r i n g  scheme s h o u l d  be 
L npiit  manual  l y  . 
* J N E W  (1) Renumber ing  scheme manual  i n p u t .  
J N E W  (NPOIN) as  many l i n e s  as r e q u i r e d .  
. . .  S e p a r a t e  numbers  by commas, u s e  
Note: * d e n o t e s , a  free f o r m a t  
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S p e c i a l  Cases : 
----____---I * 
T h e  above  i n p u t  w i l l  g e n e r a t e  t h e  r e c t a n g u l a r  mesh a n d  d a t a  F i l e  f o r  
d e l a m i n a t i o n s  a t  a n y  l o c a t i o n  o t h e r  t h a n  t h e  m i d p l a n e .  When t h e  d e l a m t n a t l o n  
is a t  t h e  m i d p l a n e ,  i n p u t  NYC = NYP and NZC = 1. Thc r e s u l t i n g  d a t a  i s  
correc t  e x c e p t  t h e  G - c a l c u l a t i o n  c a r d s ,  c a r d  sets 1 1 ,  1 2 ,  and  13, a n d  tlw 
b o u n d a r y  c o n d i t i o n s .  The  user c a n  use t h e  t e x t  e d L t o r  aiid i n p u t  t h e  co r rec t  
i n t e g e r s  i n  c a r d  sets 11, 1 2 ,  a n d  13 a n d  d e l e t e  t h e  u n n e c c s s a r y  b o u n d a r y  
c o n d i t i o n s .  Also, be s u r e  t o  u s e  t h e  n e g a t l v e  i n t e g e r s  o n  c a r d  set  13 as 
e x p l a i n e d  i n  t h e  s p e c i a l  cases p a r t  of t h e  INPUT D A T A  s e c t i o n .  
I f  t h e  user r a n t s  t o  p e r f o r m  o n l y  a Q3D e d g e - s t r e s s  a n a l y s i s ,  t h e n  as 
above, u s e  NYC * NYP a n d  NZC = 1. F u r t h e r m o r e ,  c h a n g e  card se t s  11 ,  1 2 ,  
a n d  13 t o  z e r o  v a l u e s  as  e x p l a i n e d  i n  t h e  s p e c i - a 1  cases p a r t  O F  t h e  INPUT DATA 
section. The b o u n d a r y  c o n d i t i o n s  g c n e r n t c d  by t h e  DACCEN a re  co r rec t  f o r  t h i s  
case. 
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APPENDIX F: COSMIC DOCUMENTATION 
T h i s  a p p e n d i x  d e s c r i b e s  the program d o c u m e n t a t i o n  r e q u i r e m e n t s  r e q u i r e d  
by COSMIC. Items s u c h  as method of s o l u t i o n ,  u s e r  i n s t r u c t i o n s ,  a c c u r a c y  o f  
r e s u l t s ,  s a m p l e  i n p u t  a n d  o u t p u t ,  and F l o w  c h a r t  were a l r e a d y  d i s c u s s e d  i n  
d e t a t l  
t o  the 
1. 
2. 
3 .  
4 .  
i n  the  t e x t  a n d  A p p e n d t x e s  A-E. T h e r e f o r e ,  t h i s  a p p e n d i x  l i m i t s  i t s e l f  
r e m a i n i n g  items d e s c r t b e d  i n  COSMIC s o f t w a r e  s u b m i t t a l  g u i d e l i n e s .  
- Computer  I C o n f i g u r a t t o n :  
s u c c e s s f u l l y  e x e c u t e d  on CDC C o m p u t e r s  s u c h  as o n  CYBER 173, 1 7 5 ,  8 5 5  
u s i n g  NOS 1.4 a n d  2.1 o p e r a t t n g  s y s t e m s .  
I Me- -- R e q u i r e d :  With the c u r r e n t  d i m e n s i o n s  I n  the p r o g r a m ,  a b o u t  
343,000 octal words o f  memory were n e e d e d  f o r  e x e c u t i o n .  A s  p o i n t e d  
ou t  e a r l i e r ,  w i t h  t h e  c u r r e n t  d i m e n s i o n s ,  f i n i t e  e l e m e n t s  m o d e l s  o f  u p  
t o  370 n o d e s  w i t h  a bandwidth  O F  7 5  c a n  be s u c c e s s € u l l y  r u n  w i t h  the 
program.  
S o u r c e  L a n g u x :  
c o m p i l a t i o n  showed t h a t ,  e x c e p t  f o r  o n e  s t a t e m e n t  i n  RLOCK DATA 
s u b p r o g r a m  ( w h e r e  t h e  o u t p u t  o p t i o n s  are s e t ) ,  t h e  p r o g r a m  is machine 
i n d e p e n d e n t  FORTRAN. T h t s  s t a t e m e n t  DATA SHORT., XLONG/ SHSHORT, 
5HXLONG/ c a n  be c h a n g e d ,  € o r  e x a m p l e ,  t o  DATA SHORT, XLONG/ 1111.11, 
9999.99/. However ,  t h i s  was n o t  d o n e  b e c a u s e  SHORT a n d  LONG c l e a r l y  
are  m e a n i n g f u l  t o  d e s c r i b e  t h e  o u t p u t  o p t i o n .  
--- P r x r a m  -------- Ttminl;: 
t h e  s i z e  o €  t h e  F t n i t e  e l e m e n t  models. S m a l l  models w i t h  less t h a n  80 
n o d e s  were e x e c u t e d  w i t h i n  a b o u t  20 CP s e c o n d s  i n t e r a c t i v e l y .  The 
l a rges t  model w i t h  367 nodes p r e s e n t e d  i n  A p p e n d i x  C t o o k  a b o u t  184 CP 
s e c o n d s  on CYHI'R 855 Computer.  
The Q3DG program was w r i t t e n ,  c o m p i l e d  and 
The Q3DG p r o g r a m  was w r i t t e n  i n  FORTRAN V. T h e  
E x e c u t i o n  t i m e s  v a r i e d  w € d e l y  a n d  are d e p e n d e n t  o n  
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5. - Tape  Documen ta t ion :  --- The t a p e  c o n t a i n i n g  t h e  Q3DG p r o g r a m  is a 
9 t r a c k ,  1600 B P I ,  CDC NOS I n t e r n a l  u n l a b e l e d  t a p e  c o n t a i n i n g  e i g h t  
f i l e s .  The f i r s t  Eile c o n t a i n s  t h e  s o u r c e  c o d e  O F  t h e  Q3DG program.  
The second F€le c o n t a i n s  t h e  source c o d e  €o r  t h e  r e c t a n g u l a r  mesh and  
d a t a  g e n e r a t o r  DATGEN. The  t h i r d  F l le  c o n t a i n s  i n p u t  d a t a  for t h e  
[*35/0(90], l a m i n a t e ,  shown i n  f i g .  6 ,  d i s c u s s e d  f n  A p p e n d i x  C. 
f o u r t h  € i l e  c o n t a i n s  t h e  o u t p u t  O F  Q3DG f o r  t h e  I n p u t  shown i n  
f i g .  6 .  T h i s  o u t p u t  €€le is p r e s e n t e d  i n  Fig. 7 .  
The 
The f i f t h  F i l e  o f  t h e  t a p c  is t h e  i n p u t  d a t a  For the [ * 4 5 / 0 $ 9 0 ] ,  
l a m i n a t e ,  d i s c u s s e d  i n  Appendix  C. The s l x t h  File c o n t a t n s  t h e  o u t p u t  
of Q3DG f o r  t h e  i n p u t  d a t a  i n  t h e  F i f t h  €€ le .  T h i s  o u t p u t  f i l e  is 
p r e s e n t e d  i n  f i g .  9. 
The s e v e n t h  Eile o€  t h e  t a p e  c o n t a i n s  t h e  y- and  z - c o o r d i n a t e  
f i l e  shown i n  f i ig .  13. T h i s  f i l e  € s  u s e d  i n  c o n j u n c t i o n  w i t h  t h e  
DATGEN p r o g r a m  a n d  t h e  r e s u l t i n g  i n t e r a c t i v e  s c s s € o n  is t h e  l as t  
( e i g h t h )  f i l e  of t h e  t a p e .  
The  NOS p r o c e d u r a l  f € l e  w h i c h  c r e a t e d  t h i s  t a p e  is shown I n  f lg .  19. A 
m i c r o € i c h e  which c o n t a i n s  t h e  c o m p i l e r  1 Lst i n g s  of Q 3 D G  arid D A K E N ,  t h e  i n p u t  
and  o u t p u t  f i l e s ,  and  i n t e r a c t i v e  s e s s i o n s  O F  t h e  DATGEN p r o g r a m  is e n c l o s e d  
w i t h  t h i s  manual. 
F i n a l l y ,  a d a y f i l e  of a r u n  on  t h e  NOS 2.1 o p e r a t l n g  system is p r e s e n t e d  
i n  f € g .  20. The o u t p u t  is w r i t t e n  and  s a v e d  o n  a f i l e  SOUT. The d a y f i l e  is 
w r i t t e n  and  s a v e d  on  a f i l e  DAY. The d a y f i l e  is a l s o  i n c l u d e d  i n  t h i s  f i gu re .  
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APPENDIX C: PC FLOPPY DISKS 
Because of t h e  popu la r i ty ' o f  the  IBM PC and its compat ib les ,  t h e  Q3DG 
program was downloaded on t o  floppy d i sks .  
Q3D-2 are enc losed  w i t h  t h i s  manual. These disks c o n t a i n  t h e  files l i s t e d  
under  Tape Documentation of Appendix F (see page 42). The directories f o r  
t h e s e  f i l e s  are reproduced below. 
The f l o p p i e s  t i t l e d  Q3D-1 and 
Any one of t h e  PC communications packages,  such  as PC-PLOT, PC-TALK, 
e tc . ,  can be used t o  upload a l l  the files from t h e  Q3D f loppy d i s k s  on t o  t h e  
mainframe computers eas i ly .  The procedures t o  do t h i s  can be found i n  t h e  
documentat ion of t he  communication packages. 
A: \ > D I R / P  
Volume in drive A is Q3D-1 
Directory of A:\ 
Q3DG 82688 9-05-86 2:llp 
TFICHl 240768 9-08-86 3: 16p 
DATGEN 17664 9-09-86 10:03a 
3 File(s) 19456 bytes free 
A: \>B: 
B: \ > D I R / P  
Volume in drive B is Q3D-2 
Directory of B: \ 
TFICH2 245248 9-08-86 4:  OOp 
TFICH3 32128 9-08-86 4:13p 
TFICH4 61312 9-09-86 9:34a 
TFICH5 8064 9-09-86 9:55a 
4 F i l e ( s )  14336 bytes free 
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APPENDIX H: LIST OF SYMBOLS 
a 
b 
d e l a m i n a t  t o n  l e n g t h  
ha1 f - w i d t h  of t h e  1 . amlna te  
[ D l  s t r e s s - s t r a i n  m a t r i x  
Young's modulus  € n  t h e  1 - d i r e c t i o n  Ei i 
FXi l F y i  9 F, Eorce a t  node  t i n  t h e  x-, y-,  a n d  z-  d t r e c t t o n s ,  
r e s p e c t  i v e l y  
G , G I , G I I , G I I I  t o t a l ,  mode 1, mod(. T I ,  and  modca T I I  s t r a i n - e n e r g y  r r l o a s v  
r a t e s ,  r e s p e c t i v e l y  
s h e a r  modulus  
p l y  t h i c k n e s s  
temperature c h a n g e  
h a l f - t h i c k n e s s  of t h e  l a m i n a t e  
d i s p l a c e m e n t  f u n c t i o n s  
d i s p l a c e m e n t s  i n  x-, y- ,  and  z - d i r e c t i o n s ,  r e s p e c t i v e l y  
C a r t e s i a n  c o o r d i n a t e s  
c o e f F i c i e n t  of t h e r m a l  e x p a n s l o n  i n  t h e  i - d i r e c t t o n  
uniEorm a x t a l  s t r a i n  imposed  on t h e  l a m l n a t e  
l e n g t h  of t h e  e l e m e n t s  n e a r e s t  to t h e  d c l a m t n n t f o n  t t p  
p l y  f iber  a n g l e  m e a s u r e d  from t h e  x - a x i s  t o w a r d  t h e  y - a x i s  
Poisson's ra t  io 
Cartsian s t resses ,  t u  u u u u a I x y z xy y z  z x  
Cartsian s t r a i n s ,  {E E E E: E E I x y z xy y z  zx 
i,j = 1 , 2 , 3  
l o n g i t u d i n a l ,  t r a n s v e r s e ,  and  t h i c k n e s s  d i r e c t i o n s  of a z e r o -  
d e g r e e  p l y  
ACKNOWLEDGEMENTS 
T h i s  work was perrormrbd as a p a r t  of NASA C o n t r a c t ,  NAS1-17808, a t  t h e  
L a n g l e y  R e s e a r c h  C e n t e r ,  Hampton,  VA. T h e  s u p p o r t  oE D r .  J. H. C r e w s ,  Jr., 
t h e  t e c h n i c a l  c o n t r a c t  m o n i t o r ,  is g r a t e f u l l y  a c k n o w l e d g e d .  The a u t h o r  a l so  
t h a n k s  Dr. T. K. O ' B r i e n ,  Mr. J. D. Whitcomb a n d  Dr. W. E l b e r  €o r  h e l p E u l  
s u g g e s t i o n s  a n d  d i s c u s s t o n s .  
T h e  a u t h o r  is g r a t e f u l  t o  D r .  C. A. Rigelow €or  many h e l p € u l  s u g g e s t i o n s  
a n d  a n  L n d e p t h  r e v i e w  o f  t h I s  m a n u s c r i p t .  D u r i n g  t h e  summer of 1984, a s t u -  
d e n t  From V i r g i n i a  P o l y t e c h n i c  I n s t t t u t e  a n d  S t a t e  U n i v e r s i t y ,  Mr. L e e  J. 
J a a p ,  worked  on t h i s  program.  When he f i r s t  s t a r t e d  w o r k i n g  o n  the  p r o g r a m ,  
t h e  o u t p u t  was d e c i p h e r n b l c  o n  y t o  t h e  a u t h o r .  Mr. J a a p  l a b e l l e d  a n d  
r e f o r m a t t e d  t h e  o u t p u t ,  a n d  i n t r o d u c e d  comment c a r d s  t h r o u g h o u t  the  p r o g r a m ,  
S O  t h a t  most o f  t h e  u s e r s  c a n  u n d e r s t a n d  t h e  progra in  a n d  i t s  o u t p u t .  H i s  
e f l o r t s  g r e a t l y  i m p r o v e d  the program. The  a u t h o r  takes t h i s  o p p o r t u n i t y  t o  
t h a n k  h im f o r  h i s  a s s i s t a n c e .  
45 
RE Y E K E NC S 
1. O'Brien, T. K . ,  Characteristics of Delamination Onset and Growth in a 
Composite Laminate. Damage in Composite Mater€als, ASTM STP 775, 1982, 
pp. 140-167. 
2. O'Brien, T. K., I 1  Mixed-Mode Strain-Energy-Release Rate EF Fects on Edge 
Delamination O F  Composites," NASA TM-84592, January 1983. (Presentcad at 
ASTM Symposium on "The EFEect of Defects In Composite Materials," San 
Francisco, CaliEornia, December 1982.) 
3. O'Brien, T. K., Raju, I. S . ,  and Garber, D. P., "Residual Thermal a n d  
Moisture Influences on the Strain-Energy-Release Rate Analysis of Edge 
Delamination," .Journal OF Composites Technology & Research, Vol. 8, 
No. 2, Summer 1986, pp 37-47. (Also available as NASA Technical Memoran- 
dum 86437, June 1985.) 
4. Pipes, R. B. and Pagano, N. J., "Interlam€nar Stresses i n  Composite 
Laminates Under UniForin Axial Extension," Joiirnal o f  Composite Materials, 
Vol. 4, 1970, pp. 5313-548. 
5. Wang, A. S .  D. and Crossman, F. W.," Some New Resiilts on EdE" Effect I n  
Symmetric Composite Laminates," Journal O E  Composite Materials, Vol. 11 ,  
January 1977, pp. 92-106. 
6 .  Raju, I. S. and Crews, J. H., .Jr., "Interlaminar Stress Singular€t€es at 
a Straight Free Edge in Composite Laminates," Computers and Structures, 
Vol. 1 4 ,  NO. 1-2, 1981, pp. 21-28. 
7. Raju, 1. S . ,  Whitcomb, .J. D. and Gorec, .J. G., "A New Look at Numerical 
Analyses o€ Free-Edge Stresses in Composite Laminates," NASA TP-1751, 
December 1980. 
46  
8. Whitcomb,  J. D., R a j u ,  I. S. and GOree, J. G.,  " R e l i a b i l i t y  o f  t h e  F i n i t e  
E lemen t  Method €or C a l c u l a t i n g  Free-Edge S t r e s s e s  i n  C o m p o s i t e  
L a m i n a t e s , "  C o m p u t e r s  and  S t r u c t u r e s ,  Vol. 15, No. 1, 1982, pp. 23-37. 
9. Wang, A. S. D. and  Crossman,  F., "Edge E f f e c t s  on  L a t e r a l l y  T h e r m a l l y  
I n d u c e d  S t  resses i n  ComposC te  L a m i n a t e s  , I 1  J d u r i i a l  of C o m p o s i t e  Materials, 
Vol. 11, J u l y  1977, pp. 300-312. 
10. Whitcomb,  .J. D. and  R a j u ,  I. S., " S u p e r p o s i t i o n  Method f o r  A n a l y s i s  of 
Free-Edge  S t r e s s e s , "  J o u r n a l  o f  C o m p o s i t e  Materials, Vol. 17,  
November 1983, pp. 492-507. 
11. Z € e n k i e w i c z ,  0. C.,  The F € n i t e  Element  Method,  '3rd E d i t € o n ,  McGraw-Hill 
Book Company, 1977. 
12. R y b i c k i ,  E. F. and  K a n n i n e n ,  M. F.; "A F i n € t e  E l e m e n t  C a l c u l a t i o n  O F  
S t r e s s  I n t e n s i t y  F a c t o r s  by a M o d i f i e d  C r a c k  C l o s u r e  I n t e g r a l ,  
" E n g i n e e r i n g  F r a c t u r e  Mechan ics ,  Vol. 9, 1977, pp. 931-938. 
47 
f 
/ x 
T Q) c iil -n 
a, 
c. 
cd 
t .- 
E 
t 
cd 
a, 
n 
t 
0 
u, 
.L 
U 
t 
cd 
r 
d, 
i 
48 
I 
7 
4 
a 
P 
N 
L 
Q) 
0 
49 
c 
0 
.I 
* ASTAR SHAPE - 
F i g .  4 Flow Chart for Q3DG Program 
( R e a d  the f l o w  chart from top t o  bottom and l e f t  t o  r i g h t )  
PARENT 
51 
DERIVE 
SMALK * I N T  3 BMAT 
- 
* PARENT :- 
I N T S X  * 
DERIVE 
BMAT - 
* GEVAL PROCES 
c 
0 .- 
CI 
cd r .-  
t 
(D 
a, 
-
n 
h 
v 0 
52 
L 
a, 
0 
3 c 
E 
Y 
I !  
I 
f 
! 
i f  
I t  
i I
i 
! 
i 
I 
I 
I 
I 
1 
I 
I 
I 
I 
i 
! 
f 
i 
i 
i 
I 
I 
I 
: 
i 
! 
f 
I 
! '  
! 
I 
i :  
! 
i 
i I  I 
' I  
I 
i 
t 
I 
I 
1 
1 
I 
I 
! I
I 
! i  
I I 
I 
! I 1  
! 
i ( : I  
I 
' I  i I '  17 I I ! 
i : I  I 
I t :  
! 
I ! '  
I S  I 
' ORl&NAL* 
OF PQQR 
I .  
l 
: I  
: i  
I I i : 
I I 
I 
I 
\ I 
I 
! 
! !  
I ! I  
I 
I , .  
I 
i I  
I 
! 
I 
I 
I 
i 
! 
I 
, !  
! I ;  
' I  
1 8  
i 
; I  . 
j 
I 
1 
I 
! 
j 
I 
I ORlGlNAL 
i OF POOR 
I 
! 
I 
I 
! 
I 
: I  i 
I 
, i  
- I  I 
! 
! ' I  
I 
I 
I 
. #  
i 
55 
a 
l l  
I !  
! 
I 
I / I  
I 
' I  
I 
: ' I  ' i  I I I 
I 
I 
I 
I 
I 
' I  
i 
I I 
i 
I 
I ' ,  
1 .  i 
' I  I 
I I  , .  
$ 1  
I I  
I I  
' I  
1 . I  I 
I '  
I 
I 
I 
1 
I 
I 
I 
n 
'(3 
(u 
3 
c 
4 
C 
0 .  
0 
- r l  
W 
c o '  
I 
i 
8 
i 
i 
i 
i 
! 
I 
i 
i 
, I  
I 
I 
i 
I 
! 
1 
i l  
I 
1 
I 
I I  
1 
i i  
I 
! , 
I 
i 
I 
I 
i 
I (  
I 
' i  
i 
I 
8 
I 
I 
I 
! 
1 -  
I 
i 
i 
I 
I 
I 
i I ,  
: ! I ,  
' i  
I I 
. .  
I 
I 
i 
" I  
! I  
i 
co 
. 
c3) 
LL 
-PI 
J 
J 
I> 
C L  
t.: 
i 
I .  
I 
4'- 
i 
N'F 
I 
i .. 
j /  
z o :  ; / I  q ' l  I I  i I I l i  
57 
i I
I 
[ I  I 
i 
I 
! 
1 ,  
I 
! 
I 
i 
! 
I 
' I  
I 
1 
i 
I 
I ' I  
i i  
I 
I 
1 ;  
I 
I 
i 
i 
1 
I 
I 
I 
I 
I 
I 
i j ;  
! 
i 
' I  
1 
i 
! 
j !  I 
I 
! 
I I 
I 
1 ,  
I 
! ! ,  I 
i 
I 
I 
* I   
i 
i 
I I I I ! ' I  
/ ; i  I 
I 
i '  
I 
i 
, i  
, 
I 
' I  
I 
I I 
! 
I ,  
I 
I 
I I 
: I  
I 
I I  
I 
' I  
i I  : I  
I '  
I 
6 
I 
I I 
I n 
U I 
I 
I i  
I 
I 
I ! 
I 
3 
0 
c 
0 
0 
r 4  
Y 
I 
I t  
I 
l i  
I 
I .  
I ! 
I 
i 
I 
, 
I 
1 
I 
I 
I 
I 
i 
I 
, 
I 
! 
CD 
i 
C 
.A 
C 
3 
0 
S 
m 
' ,  1 ;  
I I : !  
! -P 
3 a 
c 
.r( 
" : I  I 
ORIGINAL PAGE -1s 
OF POOR QUALITY 
Q) 
S 
c, IA z 
0 
c 
4 
V 
U 
U 
U 
V 
W 
IA 
x 
Lu 
-I 
0 
e 
a. 
W 
S 
0 
IA 
..I 
a. 
m 
I 
i 
! 
1 
L 
0 * 
I 
I 
I !  
I 
I 
I 
' I  
I !  
I t  
I 
I 
' I  
I 
I 
I 
~ 
I 
! 
I 
i 
1 
I 
i ' i  
I 
, 
! 
! 
i 
i 
I 
i 
: I  
I .  a a j  
i 
I 
I 
i 
I 
I 
I 
1 
I 
i 
I 
U '  
E l  
t 
'1 c 
! '  I 
I ,  
! /  
I 
i 
i 
I 
59 
.I- ? I 
I 
i 
I 
I 
I 
I 
I 
! 
! 
I 
I 
I 
I 
i ! 
I 
! 
I 1  
; i  
i 
: j  
I 
i 
I 
I 
I 
I 
I t  I 
I 
i 
! 
I i '  ' I   ; j !  ! '  
I 
I :  I 
/ 
I !  
, I  
i :  
I 
I 
! 
' I  
0 0 3 0 0 0 0 0 0 0  3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 4 0 0 m 0 0 L n 0 0 r - 0 0 0  
4 m l n t - c r - 4 - l n r - * 4  r n t n r - r n d  
d d d d d N C U N N N O  
e o 0 0 0 0 0  0 0 0 . 0 0 ~ 0 0 Q 0 0 0 0 0 0 0  
N U Q ( 0 O N u  
d d d  
m o o ( 0 o o w o o w  o o m o o w o o w o o w o  
C V U Q W O N U  
I d d d  
i 
I '  
~ 0 0 r - 0 3 b 0 0 P - 0 0 P - 0 0 P - 0 0 r - 0 0 r - 0  
NCU u u  Q Q  m m  0 0  N N  uu 
8 - 4 d  8 - 4 4  dd 
ro 
4 
m 
n 
U 
a, 
3 
C 
-r( 
c, 
c 
0 u 
Y 
U 
4 
m 
0 
d 
m 
0 ) -  
LL 
-r( 
0 
9 
N 
U 
9 . 
60 
i 
i '  
! 
i 
I 
i 
1 
! 
! 
I 
4 
I 
i 
< 
-.- 
I .  
I 
I 
I ,  
I 
I '  
I 
I 
I 
4 '  , 
' i  
i 
i 
, :  I 
i . 
I 
I 
; i  
I 
I 
! I 
! I 
I 
1 
I 
I 
I 
1 1  I 
I 
' I  
: I  
I 
I 
I N  I / /  I i  I '  
I 
I '  
+ I  
: j  
, I  
I 
N O O O P 3 0  
3 000 
r( r ( ~ m  
N O m m 4 O O  
tc 0.0.0 
4 4 m  
n 
U 
Q) 
3 
C 
c, 
C 
TI 
; i  
, I  
i I  
0 
0 
U 
o o o o m m l l \ n ~ n m m b o o o o w m L n L n ~ L n Q  
0 00 0 0'3 0 0  0 or- r- u u U u u 0 0 tc DIc P- r- F- 
0 30 0N1N -f .$ U U -r a b3UT i~3U-l u3 9 a .D 9 9 9 W 
000000000000000000000000 
o o o o o o o o o o o o o o o o o o u o o o o o  . . . . . . . . . . . . . . . . . . . . . . . .  
62 
' I  
! 
! I 
I 
! i  
1 
i 
t I 
i ! 
I ! 
i i  
! 
I 
I 
I 
I 
! 
! 
! 
64 
I I 
1 
i !
I 
I 
I 
I 
I 
i 
I 
I 
I 
I 
i 
I i 
I 
I 
! 
! 
i I
! 
, 
I 
! 
I I 
ORIGlNAL 
OF POOR 
1 
I 
i 
I 
1 
i 
. I  
1 
I 
I 
! i  
~i 
. I  . . '  
! 
' , . I  
I 
, I  
, ,  
' I  
! 
I 
I 
I 
I 
_, 
i 
! 
* 
+ -. -. -. -. + 
I I 
(u 
i 
I 
1 
I 
I 
I 
i 
i I 
I 
i , 
I 
I 
I 
i 
1 
I 
-4 
a " ' I  
I L Y  w 
c 
a 
r ! .I ' 
I t  
I 
I I 
2 j  
Q I  
Y 
I 
I 
I 
I 
1 ,  66 
I 
I 
I 
I 
I 
I 
I 
I 
! 
I 
! 
I 
I 
i 
I 
I 
I I 
i 
i 
I ,  
I 
I 
' I  
i 
> O b  o c  
~ o o o a  
a * + + +  
J U U J W W  
> o o o o  
> o o  0 0  > o o o o  
> o o o o  
> o o o o  
> o o o o  
>oooaD 
0 
I +  
W 
0 
0 
0 
0 
0 
0 
i 0 0 
0 
0 
0 
0 
0 
0 
I 
e..... . 
O O O O Q O  
0 0 0 0 0 0  + + + + + +  
W W W W W W  
0 0 0 0 0 0  
0 0 0 0 0 0  
0 0 0 0 0 0  
0 0 0 0 0 0  
o o o o o o  
0 0 0 0 0 0  
o o o o m o  
....e. 
0 
0 + 
0 
0 
4 
U J  
e 
C13UN 
3 0 0 0  
nI 
0 
I 
.AI 
4 
0 
Q 
.t 
N 
N 
n 
J 
e 
. . . . . .  
U J W W W W Y I  
tc mmcr 0 0  
J ~ U r n O O  
. t a O D O O O  
U V l d N O O  
9a.ulnoo 
Y \ N Q U O O  
t r ~ ~ r n a o o  
....e. 
5 0 3 0  
0 0 0 0  
0 0 0 9  
O O U V I  
maD4ln 
..e. 
F Q Q N  
0 0 0 0  
+ + I  I
w w w w  
0 0 0 0  
0 0 0 0  
0 0 0 0  
0 0 0 0  
W O O 9  
UOrnIn 
4'DNVI 
e... 
I 
Q 9 C I m O O  
0 0 0 0 0 0  + + + + + +  
W W W W W U J  
Q o D Q m O O  
uortr*oo 
~ . t U W O O  
I n m r - c t o o  
r ( U U Q 0 0  
o l n 9 u o o  
Q I n d Q O O  
e . * ' .  . . 
N 
0 
Lu 
0 
0 
0 
0 
a ,  Q I  
. i  In 
I 
I 
I * 
I 
I ,  
I .  
N 
' 0  
I 
, w  
0 
4 
0 O c ) O  
0003 
0 0 0 0  
J O l . 3 0  
4 m m 0  
I . I  , , 
~, i .... 
I 
I 
I 
I 
- 0  
0 0  
+ +  
I 
- 0  
> o  
* +  
J W  
- 0  
to 
to 
to 
\ 0  
> 0  
\o 
z 
' Q L  
w 
, s  
I 
i 
I .  
- 
i 
I 
i 
I 
' !  
I 1  
I :  
I 
67 
i 
v i  I 
I 
I 
I 
I 
I /  
1 
I 
! 
I 
I 
I 
.o 0 0 
000 + + +  
W W U J  
000 
000 
000 
000 
000 
0 0 0  
000 
>09!  
1 0 0 :  . + +  
l U l W  
> o o .  
1 0 0  
1 0 0  
1 0 0  
BOO 
1 0 0  
>OaD 
+ 
W 
0 
0 
0 
0 
0 
0 
0 
0 
0 + 
W 
0 
0 
0 
, I 
i 
1 
I 
I 
i 
I 
! 
i 
j 
i 
I 
t 
I 
. ..... 
I 
0 0 0 0 9 0  
0 0 0 0 0 0  + + + + + +  
0 
0 + 
U I W U J W W W  
0 0 0 3 0 0  
nocIocIc3 
W 
0 
0 
0 
0 
0 
0 
0 
- - - - - -  
000000 
000300 
000000 
0 0 0 6 0 c I  0 
0 
_ _ _ _ _ _  
o o o o w o  ...... 
0 0 * c y  
0000 
+ +  I I 
(cbUIh00 
000 900 + + + + + +  
W W W W W Y  
- m m o . o o  
ucra n o o  
J r o ~ 0 3 0 0  
U U 8 d N 0 0  
V I ~ ~ D ~ O O  
9.0. m O  0 
V I N S J O O  ...... 
I l l  
cy 
0 
I 
W 
4 
3. 
0 
.r 
N 
N 
UI . 
nJ 
0 
I 
W 
0 
0 
0 
0 
9 
In 
In 
cv 
0 
# 
W 
3 
-4 
9 
0 
m 
(c 
m 
N 
0 
I 
W 
4 
(0 
I l  
0 
N 
Q 
&'A W W  
0000 
0 0 0 0  
0000 
0 0  00 
0 0  e a  
o o . ? m  
rnmcctn  N . ... 
OL 
w I 
I 
I 
i 
I 
I 
! 
. m  
L 
13 z 
i 
I 
i 
I 
I 
! 
! 
I , 
I 
! 
i 
I 
i 
I  
b a  .ON 
0 0 0 0  
a Q (c In o o 
000000 + + + + + +  
w w w  r l l w w ,  
Q ( o 9 W I 0 0  
J 0 4 - t O O  
C r l . t U ~ . O O  
~ m P - - i o o  
~ U J W O O  
OIc1Q.tOO 
0 a - 4  0 0 0  . . . . . .  
1 ,  
a 
a 
a 
U 
UJ 
c 
L 
+ + I  I . . . .  
U I W  w w  
9000 
0000 
0000 
0000 
D O 0 9  
u o m r n  
r ( rnNIc1  . . . .  
I 
I 
. .  
' U W W W  
D O 0 0  
0300 
3000 
0000 
3 0 0 0  
- 4 m m 3  
u o n o  . . . .  
I 
Y 
b-l 
w 
I- 
E 
a 
u . o n c o o  
U r n I n N O O  . . . . . .  
I 
X 
U 
I- 
U 
Ln 
3 
J 
3 
0 
0 
x 
a 
t 
i 
2 
n 
U 
i I 
I I 
m o a . ?  
0 0 0 0  
+ + + I  
U J W W W  
0000 
oooc3 
0 0 0 0  
0 0 0 0  
Y l O O P '  
e o o u  
d r n m r (  .... 
aDr-ab00 
000000 + + + + + +  
w w U J U J w w  
b O W D P - 0 0  
or - . reo0 
~ ~ N U O O ~  
C J r g I n * O O .  
-4ortlnoo 
O - i O Q O O  
d U 9 I n O O .  
,. ...... ;: 
! 
I i  
I !  I .  
! 
0 
0 + 
W 
0 
0 
0 
! 
I 0 
0 
0' 
0 . 
i 
8 . I .  
I 1 i 
I '  .... 0 .  , I  * 
i -  
! I \ I  
0 0 0 0 0 0  i 
0 0 0 0 0 0  + + + + + +  
w w w w w w  
00 0 0  0 0 
00  0 0  0 0 
00  0 0  0 0 
0 0  0 0  0 0 
0 0  0 0  0 0 
0 0  0 0  0 0 
0 0  0 0 0 0  0 ...... 
.O 
0 + 
u) 
0 ,  
0 
0 
0 
0 
0 
0 . 
0 
0 .  + i 
t 
i 
1 i
- 
- 
I 
I 
w :  
0 
0 :  
0 
0 
0 
0 
0 . 
0 O * t N  
0 0 0 0  
0 0 0 0 0 0  
0 0 0 0 0 0  * + + + + +  
0 0 
0 0 + + 
u UI 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 . . 
* & I  I 
wwJ1liI  
0 0 0 0  
0oc)o  
Y I I / I y U J I U L u  
0 0 0 0 0 0  
0 0 0 0 0 0  
0 0 0 0 0 0  
0 0 0 0 0 0  
0 0 0 0 0 0  
0 0 0 0 0 0  
0.0 0 - 0  0 
0000 
0 0 0 0  
OOCTQ 
00Ju- i  
m w d m  
e . . .  
m ...... 
' I  
. :  i 
I i  I 
& I 
4 
i ,  
I I 
I I 
oosrcooo 
0 0 0 0 0 0 ~  + + * ) + + +  
w w u J w w w  
-4y1QOOO 
r(urtooo1 
d r R . r O 0 0 1  
0QI-000 
Q ( O J O O 0  
* O Q O O O  
D m - 4 0 0 0 .  . . . I .  . .( 
r -99N 
0 0 0 0  
+ + I  I 
W U J U U I  
0 0 0 0  
0 0 0 0  
0300 
0 0 0 0  
02009 
UI3rnJ-l  
dODNJI 
e . . .  
I 
-J 
l a  
Y 
& 
w 
c < 
E 
L 
0 
I 
W 
0 
0 
0 
0 
0 
I .  t 
N 
0 
I I 
1L) 
3 
0 
0 
0 
I 
s 
UI 
ln . X (3 
I- 
u 
UJ 
> i 
(069000 
0 0 0 0 0 0 '  + + + + * +  
l n + d O O O ,  
c ( r ( r t O O 0  
W r ( . 4 0 0 0 '  
W ~ ~ V O O  
, roao.Dooo' 
r . 6 9 0 0 0  
U U I W W W W ~  
e r t . r o o o i  
I . . . . . .  
i 
: I  
I 
I 
I 
1 
I 
0 
0 + 
LU 
0 
0 
0 
0 '  
0 
0 :  
0 
i u' 
V I  
w 
v) .  
a! 
I 
I 
69 
i '  I !  
l i  I I 
i I 
I '  
! j  '0 ! 
0 + 
u1 
0 
0 
0 
0 
0 
0 
0 
'. 
I 1  
0 
0 + 
u1 
0 
0 
0 
0 
0 
0 
0 
I 
I 
' I  
I 
I 
0 
0 0 0 0 0 . 0 0  0 0 0 0 0 0  + + + + + +  + i W 
0 
0 
W W U ) W u . W  
000000 
000000 
000000 
h n n O O O  
-
0 
0 
0 
0 
0 
6 ~ 0 0 0 0  
000000 
0 0 0 0 ~ 0  . . . . . .  
0 D J - J  
0 0 3 0  
+ * I  I 
W W W U J  
000 0 
0000 
0000 
0000 
0 0 -  9 
0 o . t -  
m W d m  ... . 
-4 
4 
w 
N 
m 
0 
Q) 
I 
I 
I 
9 ;  
N , !  
m N 4.9 0'0 
000000 4 
I I I I + + +  
W u l l U u W u  
- l O N O O O  P- 
0 
4 
N C r W 0 0 0  
.no1000 
Q W ~ 0 0 0  d 
( U d N 0 0 0  0 
t u ~ w o o o  N 
4 . m  tu w 0 0 9 ...... ,. 
W 
I l l  I I '  
U I ' i  i 
I 
I 
i 
I 
I 
I 
I '  0 
I !  
I I I  
I i  i 
I 
I 
9 Q C - r f O O '  
000000 
+ + + I + +  
W l U W W W l l l  
r n d O W 0 0  
r f t r t d ( r 0 0  
r \ r c ~ m o o  
( r P r - P O O  
w a  t w o 0  
o r f a m o o ,  
V 1 Q d N O O ~  . . .,. . .! 
I 
I !  
I 
J 
0 
' I  
I N 
0 
I 
h 9 9 N  
0 0 0 0  
+ * I  I 
W W U U J  
0000 
0000 
0000 
0000 
a 0 0 9  
r fomI.7 
r ( r 0 N t n  .,. .
6 1 :  
! 
w 
0 
0 
0 
0 
Q 
a 
n 
0 
0 
0 
'0 
0 
J 
: I  
j l  
I 
! 
I 
! I  
I ! !  I I 
i i !  ! i s !  i I I 
i I 
?-ohlo 
0000 * * * +  
I 
1 
I 
I 
~~ . . .  . 
Q O O U ~  
0 0 0 0  + * +  I 
W U U W  
0 0 0 0 ,  
O O O C J  
0 0 0 0  
0 0 0 0 ,  
V I O O D  
0 0 o . t  
d m w d  .). .I I 
j 
! i  
1 
1 :  
I 
i 
l l  I 
I 
I 
' I  
i 
I 
1 1 
I 
ji 
! 
I , 
I 
1 
! 
* I  
I 
I 
i i  
I 
I 
! 
I ,  
! 
I .  
i 
! 
I 
i 
! 
Y, 
X 
0 
Y 
c 
V 
U 
u. 
U 
<J 
w 
-. Q 
v) 
Y 
W 
a 
m 
0 
u 
0 
w 
?Y 
(3 
E 
a 
w 
r 
0 
ul 
I 
I 
I ,  
, .  
I 
I 
I 
I 
I 
I 
I 
! 
I 
! , 
In 
.? 
U 
J 
! 
! 
i 
I 
1 
1 
i 
! 
~ 
i 
! 
I 
8 
i 
I 
I 
I 
i 
I 
I 
4 h ) m  *o! 
I 1  
! I  
I j  
i :  
I m m '  
I .  
I 
1 :  
I 
i '  
m m m  
i 
i i  
i 
I in 
0 
(u 
I 
i 
1 
I .  i 
i - .  
I 
1 
I 
I 
1 
1 
I 
! 
I 
I 
I 
! 
1 
i 
I 
! 
i 
I 
I 
I 
I !  
! 
I ,  
I 
1 1 :  
I !  
' I  
, .  
1 :  
! 
I 
I 
1 
/ 
I 
I '  I 
i 
I 
I 
I 
I 
i . ,  
I 
! I 
1 ' '  
I 
i .  
I ,  
I "  I j  t '  
I t  
I i  : . I  I ! 
I :  I 
I 0 0 0 0 0 0  
0 0 0 0 0 0  
0 0 0 0 0 0  
> O  
) O  
a 0  
> O  .. I 
I :  
! 
0 0 0 0 0 0  ...... 
. .  
I ! 
0 0 0  0 0 0  0 0  
. 0 0 0 0 0 0 0 0  
' oooooooul  
0 0  0 0 0 -  O N  ........ 
0 0 0 0 0 0 0 0  
0 0  0 0 0  0 0 0  
0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0  
c ( /  m NN 
........ 
I 
i i  
i 
I 
' I  
I 
I 
! 
1 
I 
4 
b 
1 
i 
i 
I 
0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0  
ofnoooVI0o 0 0 0 0 0 0 0 0  
ocuo3onJoo 000000d0 
~ ~ _ _  . . ...... ........ 
4.4 J U 
I 
r( 
0 0 0 0 0 3 0 0 0 0 0 0 0 I3 3 3 
o o c ) o o o o o  0 0 ~ 0 0 3 3 0  o 3 3 'n o o o 1.1 o o o o Q o o I> 
ooory333nJ 0 0 0 0 0 0 0 0  _ _  ~~ . ....... ........ 
4 4.N NN 
I 1  I 
c) 
U J  
Y 
u. 
Y 
W 
0 0 0 0 0 0 0 0  
o c ) o o o o o o  
0 0 0 0 0 0 0 0  
ooooov\oy* ........ 
0 0 0 0 0 0 0 0  
00 0 0 0  000 
00000000 
0 0 0 0 0 0 0 0  . . . . . . . .  
* * . r e  , 
I I ,  I
w 
a 
v) 
I I ;  
. I  
! I ,  i , j  
: * I  
1 
0 0 6 0 0 0 0 0  ' 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0  0c)01003~ 
0 ~ 3 0 0 0 3 0  D303r)C)00 
olnoor3uroo 00000000 
4 4- ~ m m n w ~ w v  
. . . . . . . .  . . . . . . . .  
* :  I 1  I #  
I I 
I I 
4 ,  I I + 
a !  
w 
IY 
0 
2 
0 
. . . . . . . .  
I I 
4-44 
n 
0 0 0 0 0 0  0 
I I s f  ' I  I z 
I 
0 0 0 0 0 0  (* 
1 I 
0 0 0 0 0 0 0 0  
00000000 
0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0  
00000000 
0 0 0 0 0 0 0 0  . . . . . . . .  . . . . . . . .  
Adr( .+- (r (r (r (r4  
73 
ai 
L 
a, r 
U 
a, 
0 
3 
W 
0 
Q 
a, 
a, a 
0 
cn 
L 
L 
w *  
c 
0 - 
0 
0 
v) 
3 
c, 
.- 
CI 
-
Q 
Y 
5 
0 
a, c 
.cI 
rc 
0 
v) 
a, 
a> 
w 
L 
r 
I- 
a, r 
c 
0 
c, 
W 
C 
5 
0 
a, 
a, 
c, - 
E" 
0 
0 
a, r 
k 
Q 
Q 
0 
LL 
- 
a, c 
c 
0 
U 
C a 
a, c 
0 
0 
0 
c, 
.- 
Y- 
L 
.- 
€ 
74 
I !  
I I 
J 
m 
N 
d 
. 
4 . m 
U 
a3 
J 
0 
1 
. 
I 
I 
I 
I 
0)  
0 
Q U  - :: 
I 
. 
In' 
0 
k 
LLJ 
Q 
d 
U 
0 
(u 
m 
0 
I 
AI 
IC 
n 
n 
Ip 
-4 
In 
0 
I 
.u 
Q 
aD 
Q 
N 
N 
0 .  
. .  
, I  i 
I 
I 
I 
I I .  
N 
0 
I 
W 
.a 
Q 
9 
In 
N 
d 
0 
I 
W 
0 
4 
0 
0 
IC . 
0 
0 + 
UJ 
d 
9 
rn 
9 
(v . 
4 
d 
In 
d 
. 
0 
9 
F I N  
0 0  
k k  
O O N  . . -  
l - N  
W d  a 
E 
4 
L- 
-I 
IU 
0 
.- I* 
0 -  . .  
v) 
3 
0 
I 
2 
0 
IL 
b 
L n  
U 
m 
. 0 0 '. m ' U  
In 
1 .  
v) 
4 
1 
i I
I t  
I 
U 
0 
I 
w 
9 
0 
m 
(0 
m . 
-7 
0 
k 
w 
-Y 
4 
w 
lY 
4 I 
i !  
ll 
c 
a 
c !* 
13 
U 
0 
I "  
; I -  
N 
0 
I 
! 
w * 
&n 
, N  
I 
I v )  I I (  i '.n 
! U  
I 
I 
I ,  
l i  I '  
19 
0 I .  I \  
i l  
75 
I 
! 
' I  
! !  
i : I !  I 
I ! I !  
1 / I  j 
I 
I 
I 
t . '  
I 
I 
! 
I 
I 
I 
! I  I 
I 
' 1  : I  ' I  
! 
I i 
I 
I 
! 
! 
I 
I 
I 
! 
I 
I 
I 
I 
i I i I 
' 1  
I 
, '  j 
I 
I 
i 
i 
i 
I 
, I  ! 
I 
i 
I 
t i  
I !  
! 
1 
1 
I 
i j  
! 
I 
I 
I 
1 i l  
! 
i l  i 
I 
I 
' 4  
76 
I 
i 
c 
0 
rb*  
6 8  
+ I  w w  
6 5  
8 5  
86 c 5  
5 m  
5.t 
W -  
rq 
8 
t 
L:J 
r; 
rj 
5 
14 
(5 
5 
I? 
fs 
14 
t 
Ln 
14 
W 
hJ 
8 
14 
6 
f3 
8 a . . .  . . . . . . . . . . . . .  
111 
5 
I 
W 
8 
8 
6 
8 
u) 
UY 
It) 
b 
6, 
t w 
G 
5 
6 
5 a 
U 
CI 
ln 
? 
b 
B 
ul 
8 
u- 
0 
rb 
8 
t 
W 
6 
8 
8 
8 
8 
br 
w 
8 
8 
8 
5 
8 
l i  
5 
5, 
8 
6 
03 
f i  
5 
5 
8 
8 
8 a . . .  
I I 
. .  
I 
. . . . . . . . . . e . . . . .  
I 
0 
6 
c 
.t 
8 
I 
W 
14 
8 
Q 
4 cn 
.t 
.i 
a3 
6 
0 
5 
a* 
8 8  
.4 
& & &  A 
u 
w 
5 
Q 
14 
0 
d 
5 
I? . .  . . .  
i 
, .  
I !  
i I  1 
! 
& 
Q 
3 
C 
-il 
aJ 
c +J 
L 
. .  
I I I i "0 
: I  j + -  
' $ 1  I  
! 
l i  c3 
I , 
' +  
0 ! 
c, 
3 
Q 
+J 
31 
0 
' 2  
! =  
I i  
+J 
L 
0 
c 
m 
I 
I ;  1 
I i ! :a 
I 
: I  
i 
i 
I 
f -. 
ai 
L 
W 
a, 
0 
3 
W 
0 
L 
Q 
a, 
L 
a, a 
0 * 
0 
0 
v) 
CI 
.I 
c, 
2 
P 
.c, 
3 
0 
a, c 
0 
v) 
a, 
a, c 
I- 
* 
YI 
c, 
L 
a, c 
Y 
C 
0 
'CI 
C 
3 
0 
y. 
a, 
P 
3 
0 
a, 
c, 
0 
0 
a, r 
I- 
D 
a, 
Q 
.I - 
h 
3 
v) 
cu 
I 
2 
v) 
i3 
>r 
Q 
Q 
0 
IA 
- 
0 e 
a, r 
c, 
c 
0 
W 
C 
(d 
a, c 
0 
0 
0 
.- 
yl. 
L. 
- .- 
E 
(d 
3 c 
E" 
v) 
c 
c 
.I 
c, 
* 
.I 
3 
79 
I 
i 
i 
i 
I 
I 
I 
I 
1 
1 
I 
I 
, I  
I I  
n 
-u 
(u 
3 
c 
4J 
c 
0- 
0 
(Jl 
- r i  
v 
13) 
LL 
.rl 
m 
0 
I 
lil 
.t 
0 
P- 
N 
cu 
I 
m 
0 
I 
'& 
N 
.n 
d 
I )  
4 
r? 
0 
I 
w 
N 
0 
r- 
-3 
-4 
I 
0 .': 0 
I 
&Ll :UJ tu 
I 
I 
! 
4 
3 
I 
Y 
VI 
m 
0 
Q 
I 
.4 
0 
1 
Y 
m 
0 
73 
.t 
rd 
I 
-4 
3 
u 
C C I  
I 
n 
'n 
-4 
.-I 
' I  
I 
t 
I 
j 
i 
: 
1 
U 
0 
I 
ul 
'3 
0 
VI 
CI) 
Q 
fu 
0 
I 
Q. * 
4 
-n 
m 
I 
.AI 
N 
0 
I 
u 
3 
rr) 
3 
t 
.r 
4 
J 
;II 
L1 
x 
I 
I 
D 
' 0  
i 4 
i w  
! 
0 
I 
I 
0' " 
'n
'I) 
n J  
P- 
4- 
N 
0 
0 
m 
.. 1 .  
a 
' 2  
w 
0 
I :c 
a 
0 J 
0 2 . cl 
0 U 
9 
cu 
0 
.t 
. . 
m 
-n 
-
J) 
N cn 
I 4 
'3 
-4 . 
I 
*1 
L 
2 
3 
3 4 
4 I 
m 
K-l ' .  
0- 
I ' .  
i 
I .  
I 
. I  
I i  
! a  
I 
! !  . .  
' c  
0 1  
I 
I 
I 
! 
i 
\ 
I 
I 
11 
I 
I 
I 
t 
* I  
I 
I 
I 
I 
* I  
I 
I 
I 
I 
I 
I 
I 
I 
I 1  
' I  
# I  
I 
I 
I 
I 
I 
I 
, I  
I 
I 
I 
I 
i I
I 
i 
i I
I 
I 
I 
I I 
, .. 
! 
I 
I 
! 
1 
i ! 
! 
, a  : I I 
c 
a, 
13 
3 c 
.- 
L, 
E 
a, 
v) .- 
3 
r 
n 
13 
v 
ts, c .- 
L 
a, 
13 
3 c 
E 
a, 
v) .- 
3 
# 
0 .- 
a, 
a c 
a 
J 
.cI 
.I 
E 
a 
n 
0 
S 
rn 0 
Es 
d 
6 
* 
8 
I 
w 
8 
8 
5 
8 
m 
(u 
W 
t3 
8 a 
5 
ul 
10 
10 
7 
B 
8 
ul 
Q 
U OJ 
8 8  
I I  
w w  
0 8  
E 4 8  
8 8  
0 8  
0 0  
U li3 
4 M 
Q z 
U ta a 
0 
J 
T 
F 
t 
E 
d 
m 
2 
W 
f 
3 z 
W a 
d 
W 
I 
U 
0 
a z ..
II 
w 
It 5
2 
W 
u) 
3 
I 
I 
t- 
3 
M 
E! 
L L t 
W 
8 
5 
6 
8 
6 
l l  
Q) 
-0 
li 
5 
(9 
6, 
6, 
0 
. $  
w 
8 
8 
B 
8 
8 
Ed 
Q 
19 
8 
8 
19 
Q 
8 
M 
0 
E u 4 
8 
Q . . . . . . . . 
8 8 8 8 8  8 
8 
t 
W 
rg 
8 
8 
8 
8 
8 
rD 
L 
0 
Y- 8 8 8 8 8  
m 
c, 
0 
TJ 
8 8 8 8 8  , . . . . . . . 
I I 
88638 
4-J 
3 
0. 
C 
H 
6 8 6 6 8  W 
? w 
8 
6 
8 
19 
8 
m 
8888rn 
W 
c3 
i . . . .  . . . .  
4 
a 
a 
t- 
z 
' M  
E 
J 
Q 
8 
t 
W 
14 
6 
5 
8 
Q 
Q 
M 
(u 
6, 
I 
W 
8 
Q 
8 
8 
U 
It3 tu . 
r. 
8 
8 '  
8 6  
8 8  
8 8  
8 8  
- 3  
X 
83 
8 8 8 8 8 6  
, 
Ita 
m m  
* b  m m  
( u d m  w m m  
TI 
d 
84 
UI 
I- 
J 
3 
UI 
W 
rc 
IL 
0 
> 
U 
a 
E 
E 
J 
m 
8 
lD 
I 
E 
I- 
J 
W 
a 
n 
8 
8 
Q 
(u 
I 
d 
I 
I- 
c 
J 
W 
a 
n 
cu 
6)  
1 
Ld 
U 
n 
(u 
I z 
U 
I- 
u) 
.* 
a 
U 
0 
L 
u) 
I- 
J 
3 
u) 
W a 
UI 
9 
0 
J 
J 
0 
LL 
m a 
a k! 
2 
u) 
a a 
a 
W 
u) 
W 
J 
2 
> 
0 
W 
7 
z 
a 
LL, 
I 
a a 
t- 
u) 
I + 
I- + 
E 
I + 
I- 
I + 
E 
I- + 
E 
X 
I- 
E 
U e 
1 
W 
(u a 
(u m 
M . 
4 
8 
I 
W 
6 
ul z + 
4 
W 
f- a 
0, 
9 
2 
m 
8 
I 
W 
M 
8 
(rl 
ro m 
*) a 
t w a a 
IU 
ttl 
m 
B 
I 
ul 
10 
b') 
OJ 
u2 
fiJ 
Lo a 
I 
W e 
f- m 
b 
n 
r( 
W 
M b 8  u n e  
2 '  
M b 8  
U r n 8  
m * a ;  
I 
I- 
~ ( u m  
n n n  bI w w 
0 0 0  
E E E  
f 
u) E 
E '  
a 
W 
b 
cn 
I- 
u) 
0 II 
n: 
0 
m 
7 
2 
I. 
W 
0, 
4 
U 
4 
8 
I 
W 
n a 
(u 
IC 
i 
U 
8 
I 
W 
b 
r3 
Q, 
: 
4 
W 
0 
& 
n 
4 a 
I 
W 
ul 
Y) 
OI 
I 
2 
* 
8 
I 
W 
ul 
ro 
m 
2 
i 
r( a 
I 
!!! 
2 
.4 
(u 
nJ 
W n 
P 
a, 
S 
c, 
S 
c, 
.rl 
3 
u) 
a, 
(11 
cu 
4 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
4 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I O  
I W  
I U  
I o :  
I O  
I U  
I 
I Ill 
I r n  
I 
I >  
I E  
I 
I 2  
I O  
1 8 4  
I t -  
I >  
I J  
I O  
Icn 
I 
I W  
II 
l t -  
I 
I 
I <. 
I Q  
I; 
I 2  
I: 
i a  
I J  
I n  
1 2 3  
I O  
I W  
I 
I ,  
' I r  
I 
I I -  
I Q  
I lA  
I 
t u  
I l -  
I Z  
I W  
I E  
I W  
1 - 1  
I b .  
I 
I d  
I 
I 
I 
I 
I 
I ?  
I 6  
i 
86 
. I  
, 
N 
t. 
u- 
0 
c 
0 
. I I  
tn 
tn 
a, 
tn 
0 
cn a 
9 
E 
2 
I 
r 
t 
a 
a a 
" 
c 
W 
I 
b- 
o 
Z 
F 
a 
3 
Q 
0 
LL 
I 
Y 
cn a 5 
3 
U 
1 
a 
H 
3 
cn 
Q 
(z 
0 
0 
U 
> 
IL 
0 
W in 
E 
3 z 
a 
t- 
u) 
U 
x 
w 
s 
8 
Q 
0 
E 
I 
U 
I 
3 
z 
0 
w 
E 
Z 
W 
J 
II. 
W 
t- 
c1 
a 
c. 
m x  
- 
VI 
3 
0 
J 
J 
0 
LL 
cn 
W 
a 
a a 
ID 
W c a 
5 
P 
K 
0 
0 u 
I 
P 
Y c 
- . .  
. .  
. .  
. .  
. .  
\D 
nJ 
8 
d 
(u ro 
e 
d 
r- 
2 
3 
P 
s 
t- 
U 
0 
0 u 
I 
N 
ll 
0 
W 
a 
m 
5 
2 
W 
I 
I- 
- 
m 
3 
0 
J 
-1 
0 
LL 
cn 
a 
2 a 
cn 
W 
t 
z 
P 
U 
0 
0 
I 
W 
I 
t- 
a 
CI 
2 
N 
p. 
ro 
m 
I 
rn 
W a 
0 z 
LL 
0 
W 
a 
m 
z f 
cn 
ti 
I 
a 
W 
t- a 
E: 
LL 
0 
U 
W 
m 
z 
K 
W 
Z w e  
5 
I - '  
a 
c. 
o c  
Q 
o a  e L 
- 
d 
t-a .. 
> 
J 
P 
0 
IL 
VI 
VI 
W 
a 
9 : 
I c 
P) 
> 
-1 a 
U 
0 
IL 
W 
E 
3 z 
a 
m 
d 
H 
a 
W 
l- a 
E 
m 
> 
J a 
0 
II 
VI 
u) 
W z x 
I 
I- 
a 
* 
5 a 
a 
0 
IJ. 
0: 
W 
I) z 
m 
d 
Pc 
H 
a 
W 
E 
.? 
> 
J 
U 
0 
LL 
m 
u) 
W z 
L 
U 
I 
I- 
a 
U 
89 
I 
I 
I 
I 
1 
I 
I I 
I 
I 
. 
W 
LL 
. 
a 
#- 
(I 
0 
2 
n 
a 
k! 
W 
t- z 
W 
w 
E 
W 
I u cn 
Q z 
W 
I 
a 
: 
2 
W 
K 
n 
l- 
I 
94 a 
L 
0 
8 2  
a 
Q 
\ 
-J 
d 
. 
cn 
LL 
-Pi 
! 
90 
i d  
n Y . .  
( r ( r  w w  
E E  
0 0  
L L I L  
k k  
a~ 
w w  
J J  
O b  z z  a a  
i i d  
U I 
a a 
w w  
I- 
Q U  
0 0  
L L L L  
w w  
J J  
b b  z z  a a  
* 
t 
W c- 
9 
5 
Y 
U 
E 
t 
IA 
0 
Q 
0 
t - -  
w >  
I 3  + a  
(v 
> 
a' 
Q 
0 
h. 
K 
w m 
i 
(u 
> 
A 
Q 
0 
LL 
u) 
u) 
W z x 
0 
t- 
a 
Y r 
m 
1 
a' 
? 
U 
a 
W m 
I 
d 
5 
U 
a 
W 
E 
M 
In . r3 
i l  6, 
E .  
0 
u 
I E  
N O  c 
0 
Q I I  
a b  
c m  
91 
d 
Q 
> 
J 
CL 
U 
0 
LL 
K 
W In : 
.t 
> 
J 
l 
0 
LL 
U 
W 
rp  
2 
J 
a 
5 
a 
U 
a 
W 
I- a 
E 
a 
L;I1 
c 
9 
> 
J 
U 
0 u. 
10 m 
W z 
x 
I 
t- 
W 
n 
2 
a 
-v Y 
I I 
I I 
I I 
I I 
I I 
I I 
I 
C 
4 
C 
0 
0 
- t l  
W 
92 
l -  
1 
(c 
Y 
: Q C O  
W 
LL 
_ .  
a 
a 
t 
rf 
z 
ra 
W 
I- z 
W 
I 
k! 
2 
W 
I 
0 m 
b z 
a 
W 
U 
9 
z 
W 
K 
M r- 
(i 
I- 
\ 
8 
-0 
3 
0 
C 
0 
0 
e 
u 
I 
ro 
t 
. .  
.. 
.A . .  
I ! ! ! + !  
l t - t -  
QI ro 
8 
b 8 
y w  
I c t -  
YC 
la m 
II 
W 
t- 
4 
Y 
u 
I 
t- 
b- 
c 
0 
m 
# 
a 
m 
- r 4  
t-i 
(0 
-PI 
4 
c 
m 
a, 
0 
0 
Q) 
L 
L 
-PI 
c 
+J 
3 
.Fl 
I 94 
! 
m 
> 
J a 
0 
LL 
W 
E 
a 
a 
m 
2 
5 
-J 
a 
W c a E 
a 
) U  
> 
J 
0 
m a  
0 
> l A  
" I -  
I - P  
x a  
li 
E 
i- 
z 
0 
b 
3 
0 
W 
X 
w 
U 
U 
95 
J= 
c, 
3 
-?4 
, 
c 
0 
-c, 
Q 
0 
-8-l 
C m 
CJl 
t 
-r( 
v- 
0 
E 
I- 
C 
a, 
a 
E 
a 
a 
U 
I u 
ro 
X I -  o 
E X  
o w  
a z  
3 c 
cu 
L M 
LL I- 
U 
0: 
3 
0 
LL 
a 
-I 
m u  a m o  
I > 
c 
0 
LL I 
O N W  
6 
.-I 
8 - i  
m m m  a I r J r - 6 ,  m 
u 
U 
U c :  
14 A 
x 
-I- 
do 
o w  
rux 
* -  
X 
W 
I 
t- 
96 
. 
, 
u) 
3 
0 
J 
J 
0 
LL 
II) a 
a k! 
u) 
W 
h 
z 
L3 
0 
0 
U 
I > 
W 
I c 
a 
a 
U 
8 
8 
? 
6 
6 
B ro 
Q 
B 
IC) 
4 
8 
Q 
li) 
N 
e 
rg 
8 
B 
m 
! 
a 
n a 
rn w 
I- 
z 
8-4 
0 
0 
0 
I 
N 
B 
# 
2 
U 
E 
3 z 
I- 
.. 
v) 
II 
0 
J 
J 
0 
LL 
rn 
w 
a 
a a 
cn 
W 
I- 
P 
8 
8 
Y 
Y 
0 
N 
W 
I 
l- 
m 
8 
d 
8 
0, m 
* * 
W 
I- a 
a 
5 
E 
J 
W 
I 
I- 
LL 
0 
a 
0 
I-- 
: n 
0 u 
u) 
0 -  
m 
I O  
urn 
> a  
&i E 
a. 
W d  
I- 
C 
I 
I 
I b  
I tu 
I 
I #  
I I w  
I O  
I Z  
I 
I 
I ( D  
in 
I 2  
I ”  
! E  
I l -  
l 
I Y  
I u  
I U  
I 
I 
I 
i a  
i a  
I .  
1 
97 
, 
I 
i 
l i  
I 
F. 
W 
E 
W 
Llk- 
cn-l 
3 
ZLL 
-Id 
Ir: 
Ink E a  
3 W  z u  
w u  
r 
ma 
acl 
u a  
a 0  
I- 
[L 
w19 
CUI- 
m 2 .- 
w. cn 
o w  
-+ I ->  * - -  
98 
1 
I ,  
ut- m 1 
K uta 
+ all- 
W 
u 
Q l l l  
W n w  
La a 
m u  a 
0 u 
ro POI 
$ 
9 x 
F; 
I 
! 
. 
. 
!?! 
m 
W 
t- a 
E u) a 
B 
0 e 
i 
IL 
0 
a 
W in 
E 
3 z 1 > 
W 
I 
t- 
W 
I 
I- 
99 
M 
cn 
w 
t- 
Z 
U 
0 
0 
0 
I 
LL 
0 
w 
lls 
E 
3 
2 
I l l  
I: 
t- 
a 
a 
U 
N 
a 
W 
[L 
m 
W 
t- 
z 
P 
U 
0 
0 
0 u 
I 
N 
W 
I 
l- 
a 
a 
U 
a 
8 
B, 
* 
10 
8 
8 
8 
8 
B 
8 
(r, m 
I 
m 
W 
0 
Z 
Lc 
0 
U 
w 
m 
E 
3 z 
n 
.-I 
J 
U 
W 
t- 
E 
U 
0 
LL 
W 
J 
Q 
Z 
> 
a 
U 
a 
a 
(u 
J 
U 
W 
t- 
E 
0 
Lc 
W 
-I 
0 z 
5 
a 
a 
a 
UI 
W 
J 
SL 
LL 
0 
a 
W m 
E 
U 
2 
U 
(u 
> 
J n 
i 
B 
U 
I- cn 
-1 a 
a a  
E P  
2 ;  z I 
I C  
U J  w w  
i 
I 
I 
I b  
I u n o  
f " B z  
I W G  
I n E a  
I O U J  
I 2 0 3  
I LLU 
I ! - Z J  
I a - a  
i a  
I n E a  
I  m >  0 I 
I 
I H E 0  
I C 3 L  
I m  
I Y  
IU 
10 
I 
I 
I 
I g  
n 
-0 
Q) 
3 
c 
+J 
C 
0 
0 
-e 
v 
. 
100 
. 
- m  
4 4  
W 
culB IL 
;I 
m m  a 
!- 
101 
Q3DGT,T200. B 1205 RAJU 
USER,User number,Password. 
CHARGE, Charge number, LRC. 
GET,Q3DG,DATGEN,D35,D4509,YZ,TINT,SOUT,SOUT2. 
REWIND, *. 
LABEL(TNAME,NT,PO=W,LB=KU,F=S,VSN=Q3DG) 
TCOPY (Q3DG,TNAME,F=E,CC=80) 
WRITEF, TNAME. 
TCOPY(DATGEN,TNAME,F=E,CC=80) 
WRITEF, TNAME . 
TCOPY (D3 5, TNAME , F=E, CC=80) 
WRITEF,TNAME. 
TCOPY(SOUT,TNAME,F=E,CC=l36) 
WRITEF, TNAME . 
TCOPY(D4509,TNAME,F=E,CC=80) 
WRITEF, TNAME . 
TCOPY (SOUT2 ,TNAME, F=E,CC=136) 
WRITEF,TNAME. 
TCOPY (Y 2, TNAME , F=E , CC=8 0 )  
WRITEF,TNAME. 
TCOPY (TINT, TNAME, F=E, CC=136) 
WRITEF, TNAME. 
DAY FI LE, DTAPE . 
REPLACE, DTAPE. 
EXIT. 
DAYFILE, DTAPE. 
REPLACE, DTAPE. 
FIG. 19 NOS Procedural file used t o  create  t h e  COSMIC ( W e *  
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7 
i 
FULL DAYFILE. 85/08/06. 20.12.09. 
J O B  NAME A3MIHUM ON C-MACHINE. 
09.07.04.LQG,T300. 
09.07.04.RAJU 
09.07.04.USER,654237E,* 
09.07.04.CHARGE,lO1955,LRCo 
09*07*05*GET,Q3DG,TAPE5=D35. 
09*08*49*FTN5,I=Q3DG~L=OUT. 
09.12.39. 62700 C f l  STORAGE USED. 
09.12.39. 33.685 CP SECONDS COtlPILATION 
09.12o40.REWINO,** 
09.12*40* 6 FILE(S) PROCESSED. 
09.12.40.DELIVER. B 1205 RAJU. 
09.12*40~ROUTE~OUT,OC=LP~ 
09.12.40. ROUTE COMPLETE. 
09.12.42.lDSET(PRESETA=NGINF,MAP=SBEX) 
09.12.42*LGO(TAPE5,SOUT) 
8 1205 
T I M E  
20*12*06* STOP 
20.12.06. 343600 HAXItlUfl EXECUTION FL. 
20*12*06* 185.084 CP SECONDS EXECUTION TIME. 
20*12*06.REWIND,** 
20.12.06. 7 FILE(S) PROCESSED. 
20*12.06.REPLACE,SOUT. 
20.12.09.DELIVER. B 1205 RAJU. 
20*12.09.ROUTE,SOUT,DC=LP. 
20*12*09. ROUTE COMPLETE* 
20.12.09*DAYFILE,DAY. 
FIG. 20 A sample dayfile o f  a NOS r u n  o f  Q3DG. 
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s t r e s s  a n a l y s i s  f o r  composi te l am ina tes  which may c o n t a i n  de lamina t ions .  The 
lam ina tes  may be SlJbjeCted t o  mechanical,  thermal ,  and hyg roscop ic  loads. The 
program uses t h e  f i n i t e  element method and models t h e  l am ina tes  w i t h  e i g h t -  
noderl p a r a b o l i c  i soparamet r i c  elements. 
r e l e a s e  components and t h e  t o t a l  s t r a i n - e n e r g y  r e l e a s e  i n  a l l  t h r e e  modes f o r  
de lamina t ion  growth. A’ r e c t a n g u l a r  mesh and da ta  f i l e  generatnr ,  [IATGEN, i s  
inc luded.  
f r i e n d l y .  The documentation i n c l i i d e s  s e c t i o n s  d e a l i n g  w i t h  t h e  030 a n a l y s i s  
theoqy, d e r i v a t i o n  o f  element s t i f f n e s s  m a t r i c e s  and c o n s i s t e n t  l o a d  v e c t o r s  
f o r  t h e  p a r a b o l i c  element. 
and o u t p u t  f rom t h e  program a r e  i nc luded .  Tho c a p a b i l i t i e s  o f  t h e  DATGEN 
program arc! i l l u s t r a t e d  w i t h  examples of i n t e r a c t i v e  sessions. A m i c r o f i c h e  
c o n t a i n i n g  a l l  t he  examples p resen ted  i n  t h i s  r e p o r t  i s  i n c l u d e d  w i t h  t h e  
documentation. 
170 c l a s s  computers. 
Center  d u r i n g  t h e  e a r l y  e i g h t i e s  and documented i n  1984-1985. 
The program compiites t h e  strain-enerq.y-  
The DATGEN program can be executed i n t e r a c t i v e l y  and i s  u s e r  
Severa l  sample problems w i t h  t h e  input. f o r  03DG 
The 03DG and DATGEN program have been implemented on CYREP 
Q3DG and DATGEN were developed a t  t h e  Langley Research 
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